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Proceedings of the American Society of Civil i Engineers 


By Benjamin F. Smith, M.A ASCE 


‘The economic development of water resources for power, navigation, flood 
control, and other beneficial uses requires the application of both a high degree — 
® technical knowledge and sound judgment in many fields of engineering. The : 
_ planning and design of hydroelectric power plants provide an excellent ll 
_of professional accomplishment toward that end. Considering that thecostof 
_ power facilities in many major hydroelectric projects ranges from $50,000 000 
to $200,000,000 or more, it is evident that millions of dollars may be at stake _ 
in achieving an economic balance within the basic design elements of power _ 
foe alone. The study and analysis summarized i inthis paper | demonstrate 
: _ procedures used to optimize the net power benefits by. balancing economic fac- 
_ tors in design of the Lower Monumental Project, at mile 41.6 on Snake River, 
within the physical limits of site conditions, available’ head, stream flow, and 
various anticipated power system development and operational conditions. The 
_ power plant is planned for an ultimate six-unit full plant capability of 931, 500° 
kw. The turbines will be Kaplan type with six adjustable blades. The runner 
__ will be 305 in. in diameter developing 212,400 hp under 93.5 ft of head. Special 
- attention is given in this paper to the size and number of generating units and 
7 - the correlation of turbine design characteristics to power plant costs and bene- 
fits. In effect, the analysis evaluates costs, benefits, and characteristics of 
sixty alternate | power plants (thirty-two presented here) operating under three — 
general re power development conditions and two assumed timing | sched- al 


Note. .—Discussion open until December 1961. To extend the date one 

- month, a written request must be filed with the Executive Secretary, ASCE. This paper 
is part of the copyrighted Journal of the Power Division, Proceedings of the American a 
Society of Civil Engineers, Vol. 87, No. PO 2, July, 1961, ba 
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July, 1961 2 
F being initiated in 1961 by the the U. S. Army Engineer District, : 
INTRODUCTION 
Early in ‘the history of hydroelectric power plant development turbine 


efficiency received much attention as a major economic factor in power plant os ‘ 


design. As a result, a high degree of perfection was achieved in the hydraulic 
_ efficiency and mechanical design of turbines in a comparably short period of of 
time. Until the 1930’s the demand for large blocks of power in most areas. was 7 
limited and, for the most part, power plants were built to serve relatively a 


Lower Monumental Power Installation 


Previously Proposed Current 


1947 


Project location, river mile ma i 
Normal pool elevation, ft-msl 
Generator rated capacity, kw © 
Turbine rated capacity, hp 
throat diameter, inches 
Elevation of centerline of distributor, 


Units installed - number | 
Plant-rated capacity-kw 290, 000 810,000 


rs ‘small power market areas or a specific industrial p power need. Consequently, 
hydroelectric power plants were predominantly smallin size, Due to the small 
potential savings associated with | refined design» in these small plants, con-_ 
siderable “rule of thumb” criteria applied in formulating basic. power 
a plant physical features andin establishing turbine performance characteristics 
in relation to other economic factors. A major advance in the economic appli- 


cation of turbine design characteristics to specific project condtions was made 
with the advent of larger project and power a damaged during the development — 

era of TVA, the Bonneville, Grand Coulee, and Hoover Dam projects, and 
_ humerous private developments from about 1925 to 1940. In general, the basic 
"practices developed during that period prevailed throughout the United States 


until the post-war period. Marked place in the 
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POWER PLANT STUDIES» 
» of electrical and mechanical equipment costs , powerhouse structure, and exca~ 


- financing. ‘These ¢ changes, together with the advent of large installations, on 

4 afforded an opportunity for major savings in the basic design of power plants © i 

_ through detailed engineering studies to achieve an n economic balance in meeting © 7 

specific project conditions. Table 1 gives ‘comparative data on the power plant 
_ proposed in 1947 for the Lower Monumental Project and for the plant currently 
(1960) recommended. ' The data illustrate the extent of changes in basic power 
a plant design that are primary items of consideration in the analysis presented. 


The changes are quite typical of those which have taken place sin since 1948 in 
— 


lannin 
BASIC ELEMENTS IN POWER PLANT PLANNING 
The determination “of the scope and magnitude of power development in .. 
hydroelectric project involves three basic steps: site location, height of dam, © - 
and magnitude of power installation. Although the presentation i in this paper is _ 
“4 confined to the determination of project power installation, the other two items. 
_ are briefly outlined to indicate the interrelationship of allthree. = = © 
Site Selection. there are otherwise controlling localized physical 
or geological features in| the river reach of a proposed project, power plant 
cost and potential power output, as may be influenced by tailwater conditions, 
May be a significant factor in determining the most feasible site. . In basin- 
wide plans the influence of other projects may be of more significance than 
local site conditions . This is s particularly true ina series of run-of-river noon 
jects having the possibility of pool overlap. In such cases the pool level of the | 
downstream project and location of the upstream project must be ‘established _ 
_ simultaneously to achieve the most economic plan. Because site selection is — 
normally the first basic determination to be made, it is usually necessary to > 
assume the — ‘size and characteristics of the power plants involved. Although 
the assumptions: made will influence results to some degree, normally the 
difference between the assumed plant and the final plant will affect results 
much less than other items being evaluated. This is particularly true if there | 
is sufficient experience in establishing p power installations for similar projects 
_— in the same area upon which to base judgment. a 
Height of Dam. —As previously noted, the determination of height of dam in 
series of run-of-river projects will involve the siting of the upstream pro- 7 
Ez ject. The cost of increasing height of dam will be balanced against gain in 
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power benefit derived from reducing tailwater rise due to flood flows and 


power at the Also, in where navigation 


(Fig. 1), reduction of excavation costs in navigation channels and lock ap- 

"proaches: and reduction of stream velocities resulting from power peaking 

Power Installation.—The magnitude of power installation inahydroelectric 
7 development, once site location and height of dam have been selected, is es- 
sentially dependent on the cost of power facilities, the relative value of energy © 

= _ and capacity, and power development conditions; that is, the rate or amount of 
power output that is to be absorbed inthe load. The economic balance between 


costs of excavation, power plant structures, turbines, and generators as related | 


a 
— 
i | 
! 
: 


ments associated with: determination of power plant 


economic balance of costs and benefits are — follows: 


Monolith : size in relation to to wheel diameter, = 


In the case of Lower Monumental power plant (Fig. 2) these were 
_ examined and more or less simultaneously. However, is sus- 
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ws Project and System Operating Conditions .— outlined are 
a based on studies presented in Water Resources Development Report, Columbia 
River Basin, June, 1956. ) The 50-yr e economic life of the Lower 


“SNAKE RIVER PROVE = EWISTON 
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!/DAM SITE 


WALLA WALLA 
VER 
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pls PENDLETON—— 
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MONUMENTAL 64.540) 540 


HARBOR 440 160 


to independent and step-by-step determination. Resultsarepresented Jf 
that it is comparitively easy to seethe relative effect of each relationship. 
| 
il 500 
200 


‘Lower Monumental pov power development | and relationship c of 
4 power production to regional power needs and supply were based on three ~ 
_ corresponding stages or levels of | system w water resource > development with 

7 Initial System Development.— The initial wie in reference to time > and 
system development for power scoping studies has been assumed to be the 
7 presently scheduled completion date for the Lower Monumental initial project, 
a December, 1967. It is estimated that storage available for power regulation in 
i 1967- 68 will aggregate about 13. 3n million acre- ft, of which 1. 0 million: acre- ad 

Brownlee Project (Fig. 1). ‘eee Snake River storage operated primarily in 

the interests of irrigation and flood control is not included. Regional power 

resources will be almost entirely hydroelectric and will serve peak require- 

ments of some 16 million kw of firm power. During the following eight years 
to 1975, it is estimated that system power requirements will increase to about © 
‘i 23 million kwto be served by the addition of both hydro and thermal resources, 
Thermal resources are primarily required for energy generation under ad- 
verse power production In this same period it is anticipated 


ae 


to about 22.5 million acre-ft, about 5.2 million acre-ft 


44. 


Snake River and above Lower and 


that ‘system peak power grow to. about 33 million kw 
_ probably will be served about one-third by hydro and two-thirds by thermal 


e 
condition, and primarily by as peak capability 
are concerned. It is assumed that during this 10-yr period system storage 
expand | to some 32.2 million acre-ft including about 10.2 million acre-ft 
_ on Snake River upstream from the Lower Monumental Project. Regional power = 
requirements are anticipated to maintain a continuing growth which is expected 
to reach a magnitude of 47.5 million kw by 1995, the assumed end point of the 
intermediate period of project economic life. Power resource surveys indicate 
that after about 1975, or possibly several years earlier, a substantial amount 
of low-cost hydro installation may be economically installed | over and ab above 
critical _— firm power requirements on the basis of thermal energy re- 
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placement value. These surveys indicate that after 1985 regional needs 
for peak power will exceed the capability of thermal power and hydro plants ~ i: 
_ installed primarily on the basis of their energy-producing ability, thus making 
_ the addition of less costly hydro installation sie eka: feasible for peaking = 
Ultimate System Development. —In the. performed, expansion on of sys- 
‘tem upstream storage beyond a total of 32.2 million acre-ft has not been con-— 
sidered, Regional power requirements are forecasted in _excess of 100 
: million kw by the year 2017, which is the end of a theoretical 50- -yr economic 
life period assumed for the Lower Monumental Project for economic evaluation 
_ purposes. It is 3 expected t that by the year 1995 | and no later than 2005, unless’ : 


power load and resource pattern of all feasible 
installations will be needed to meet regional peak power demands ee ee : 
_ Stream Flow and Period of Record. —The 20-yr minimum flow period 4 

record, July 1928-1948, was used in power plant outlook studies to represent 
the average for the 50-yr exonomic life. Regulated stream flows for the i 


1928-48 period those ‘resulting from general system monthly regulation 


studies with the plant operating as anintegralpart of Pacific Northwest water 
resource development, 
Pool Elevations. —Normal and minimum controlled pool elevations for the 
Lower Monumental Project will be El. 540 and El, 537, respectively. These L 
_ pool levels, which were established i in conjunction with site selection for Little — 
Goose, the next project upstream, will provide optimum combined power pro- 
4 duction relationships for these two projects with due consideration given to. 
progressive development of upstream resources and increased demand for 
_ power capability through the succeeding 50- -yr on the same basis as used to | 
determine power installation. With the project having no assigned flood control 
regulation responsibilities, pool fluctuations will be primarily inthe interests 
of meeting project power peaking requirements. . The planned pool levels are 
fully compatible with operational needs for slack-water navigation. Studies in- 
dicate that approximately 20,000 acre-ft of pondage volume provides sufficient _ 
——_ for regulation of reservoir inflows to meet system power production — 
— Cost of Alternative Power.— As an economic measure of the scope or 
om magnitude of power development feasible at Lower Monumental, values equi- 


These values are the average of non-federal, publicly-financed steam costs: 
within the Pacific: Northwest region as estimated | by the Com-_ 


$11. 28 per kw yr. 


The preceding costs with and 

ultimate levels of system development. The costs of other hydroelectric 

power development which could be available as an alternative source during — 

initial system development have been used. The early ‘system condition 

will probably exist less than 10-yr following completion of Lower Monumental — 

construction and has minor significance as related to the for 


a 

| 

— 

| 

Energy.—Both firm and secondary or steam-replacement energy evaluations « 
based on an at-site value of 3.2 mills per kw 
apacity evaluations are based on anat-site value 
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initially « desirable. 


Plants Considered. —In all, 60 different power were ie 
ir ‘Five turbine sizes were selected (274 in., 281in., 288 in., 295 in., and 305 in, 
= wheel diameters) to cover the range of economic and physical practicability 7 
(thirty- two power pldnts covering four wheel sizes, , 281 in., 288 in., ., 295 
and 305 in., are presented here); four settings, at El. , 394, El, 399, EL 404, q 
- . and El, . 414 ‘tt above mean sea level, compatible to examination of both maxi- 
mum energy and maximum capability for the five turbine sizes were chosen, 
= Five unit, six unit, and seven unit ultimate plants, and in the case of the small- 
est turbine wheel size, an eight-unit plant, were assumed for coverage of the | 
practical and economic range of power installation. For convenience and ease a 
| of reference, wheel size, setting, and number of units in the ultimate ‘plant are - 
used in ee to identity each power plant scheme. The turbines were 
q condition of minimum headwater pool and tailwater with ultimate number of 
- units at full gate discharge and as limited by cavitation using a 3-ft head sore 
vaporization as a ‘margin | of _ Turbine prototype characteristics \ were 


- * 115% rated capacity, were matched to rated turbine output. Total plant capabili- 
ties covering a variation of about 450,000 kw, the minimum installation con- 7 
sidered being approximately 580,000 kw and the largest about 1,035,000 kw, _ 
were examined. The dimensions of imbedded turbine parts, as well as unit 
4 - spacing and length and depth of draft tubes, were based on experience factors 
oh obtained from existing Kaplan installations. Monolith spacing was examined ; 
through | a range of Eg" case-width to wheel- diameter- ratios of 2.9 to 3. 2. > 


__Installation Schedule.—The scheduling of installation-in-service and the 
basis for crediting capacity and energy benefits are shown in Table 2. . Two. 
_ rates of installing capacity were analyzed, one assuming all capacity in service 
and fully usable by the year 1995, and the other with capacity installed at a 
r slower rate following installation of the fifth unit and assumed ed usability in the 

load credited more conservatively, 
_ Project Costs.— Construction costs of project features other than power 
- facilities remained constant for all comparisons except for the right abutment 7 
_ embankment, shortened or lengthened as required by the various powerhouse 
~ lengths. Power plant construction costs were developed for each power — 7 
Annual costs include interest and amortization, operation and maintenance, — 
and major replacements. Fifty-year weighted average annual costs were pre- 
_ pared on the premise that all project investment costs would be amortized © 
within t the 50-yr economic life of the initial project. 

Energy Determinations. —Basic potential energy determinations were made x 

= a normal pool elevation of 540 ft msl. Energy output in all cases - i 


adjusted to account for energy lo: loss incurred in! load factoring (operations. The 
4 


4 
— >the number of units § 
_2 
b in Fico 2 (Coereratore a2 1 Onerate at O5 wor factor at 
: 
— 
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= 
time periods. Load cycles ‘varied through 


_ 50-yr project life from 67% for average annual operation to 85% of total time 
in critical periods. Relative energy differentials resulted essentiall 


ote: differences between power plant characteristics. _ 


LES 


3. _~PERFORMANCE CHARACTERISTICS KAPLAN TURBINE 


_ the basis for evaluation of creditable c capacity y and energy 
4 generation of each power plant alternate is shown in Table 2. Initially, — ? 
is taken for primary energy only, and capacity credit is restricted to a load - 
factor of 100% based on average critical period eee It is 8 assumed that © 
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POWER PLANT STUDIES 
by 1975 capacity may be utilized at a system critical period load ad factor 71% and 
that by 1985 the full capability and secondary energy developed by four units — 
ih be absorbed in the load. Through the balance of initial project economic | 
life, 1965~ 2017, it is assumed that tai ong energy can be utilized for re- 


=a basic power plant of each wheel size and setting series, is assumed not to + 
be fully usable nor to have full dependable capacity value until 1995. Beyond n 
1995, the rate of installation and crediting of capacity benefit is examined on : 
two bases. The first and slower schedule, designated as schedule 1, assumes z 
unit 6 installed in 1995 but not fully usable in the load until 2005. The second 
assumed all units installed and fully creditable in 1995. 
4 Runner Setting - Speed Relationship.—The results of studies made in /con- 
nection with establishing the power plant for John Day Lock and Dam, located — 
on the Columbia River approximately 90 miles below the confluence of the a 
‘Snake and Columbia Rivers, were applied in the Lower Monumental studies. 
The optimum speed for a generating unit at a given setting is primarily depend- 
on th the value and in in conjunction with 


Wheel Diameter, in Inches __ 


Distributor, 
MSL Synchronous Speed, in revolutions per minute 


102.9 BB 7 102.9 


generator, and structural costs. A unit designed for maximum energy 
_ production | and high load factor operation will economically favor a slower 


- speed than a peaking unit designed for low load factor operation. In evaluation, 


for each change in speed is balanced against the gain or loss in energy and 
capacity benefits. If maximum energy is the criterion, the cost of equipment a 

, a is balanced against gain in turbine efficiency. If maximum capability at least 

el cost is desired, the cost of equipment p,us the loss of efficiency is balanced 

against realizing the benefit \ of full power potential in the turbine within the 


In the general case, the best speed will fall in between the extremes. An 
approximation of the position the the yous plant is ist to take in the load rou its 


years of Lower Monumental Project’ s life, capacity beyond that to even 
firm power will have little value. Twenty-five years thereafter, the Pacific 
_ Northwest power system will require considerable hydro peaking power in 
support of thermal plants. With this expectancy, it was found that eo, 
7 unit synchronous speed for each unit size and setting would be the maximum _ 
speed required to develop full turbine horsepower at a critical head resulting | 


from full pondage drawdown and tailwater with ultimate plant rated discharge. 
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FIG. 4.—RATIO OF WIDTH OF WATER PASSAGE TO WHEEL DIAMETER IN 
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POWER PLANT STUDIES 
As an indication of the ‘relative worth of proper speed choice, the clei 

ol - benefit for the six-unit Lower Monumental Plant using an interest rate of bs 
2-1/2% and a 50-yr economic life would range from $680,000 ($24,000 net 
7 benefit) to $1,400,000 ($50,000 net benefit), depending on whether energy or 
Capacity benefit is the objective. Table 3 shows comparative synchronous 
id speeds for ‘Lower Monumental. It will be noted that some of the speeds are 

not ideal from an electrical standpoint; however, they were used to develop _ 

oF - Monolith Size. —The determination of monolith size or spacing of units, the 
water requirements being fixed for a given wheel size and rated capacity, is . 
re dependent on the configuration of the spiral case. Assuming losses to be the . 


‘comes ‘purely a cost. comparison, The results: of evaluations made for one 

7 Mmain-unit bay for Lower Monumental to determine the relationship of costs | 
-_ Bn ‘monolith spacing, using a variable ratio of water passage width (scroll case) 

to runner ‘diameter, are shown in Fig, 4. As might be suspected, with hydraulic _ 

ion assumed fixed, the cost differential per increment of change in aa 
7 — lith width remains relatively constant. A savings of $54,000 per ft of width is 
‘indicated which is 1.0% to 1.2% ofthe total structural costs. Reducing monolith 
- Ba aang. from a theoretical 94 ft to 90 ft with a 305-in runner anda six-unit © 


tical to reduce the wheel-to- -scroll-case- width ratio to less than 3.0. This, 
‘slight variance due to rounding: even feet, was used in wheel- 


oa turbine performance | associated with changing the configuration of the 7 
_ turbine scroll case could reveal significant additional potential savings : in re- : 

Runner Diameter - Setting Relationship. —After determination of the crite- 
rion for best synchronous speed and unit monolith spacing as related to runner . 


= 


== = = 


diameter, economic relationship of runner diameter to setting may be 
_ evaluated. Selection of the optimum setting involves all physical, operational, 

_ and economic factors of the basic elements in design of the power plant. — 
Fig. 5 shows that within a wide range the construction costs vary directly at oa 
easentially a uniform rate as the runner setting is lowered. Costs increase 

with an increase in runner diameter in a similar manner. It should be noted, | ; 
however, that the cost per kilowatt is highly | influenced by the setting. ‘It isof 


7 : considerable interest that the indicated lowest cost per kilowatt is achieved 
: with: the center line of the distributor set approximately 40 ft below tailwater _ 
ws elevation at critical head, , which is appreciably lower than has been normal _— 
practice. Fig. 6 shows the ralationship of turbine setting to plant capability for — 
five- and six-unit installations and the various runner diameters demonstrating a 
the increased capability associated with the lowering of units. Fig. 7 is an a 
envelope curve showing the energy generation for the same installations. The 
energy pecture shown is the average annual generation over the 50-yr project F) 
economic life. Although not illustrated onthe basis of prime energy only, dur- 
ing the e early period of project life optimum generation would be achieved with 
= center line of distributor set at about El.420, 0 
_ The relationships of annual costs to turbine setting for the various power 
_ plants are givenin Fig. 8, These om data, in conjunction with the —— 
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“characteristic ¢ one illustrated by Fig. 6 and —_, the basic information 
necessary for economic evaluation of the alternate plants. By application of 
; _ established power values for capacity and energy to the power potential of each - 
_ plant considered, the gross power benefits associated with the alternate sched- 
vy ules of installation can be readily determined. The gross power benefits for 
five- and unit installations of the various runner diameters and settings 
are shown in Fig. 9 and 10 for installation shcedules 1 and 2, respectively. : 
al _ These graphs demonstrate that optimum gross benefits are achieved with 
a distributor centerline setting at about El. 400, indicating the predominant © q 


> 


pe _ influence of gross capacity benefits in relation to energy benefits on the opti- 


mum turbine setting. Similar conditions would be expectedfor any plant which 7 
would be credited with significant capacity benefits, atv which 
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capacity is installed over and above that which iin be justified 0 on energy b bene- 


+ re. By combining the cost determinations shown in n Fig. 8 with the gross power 
shown in Fig. 9 and 10, summary curves demonstrating the relative 
- pummart feasibility of the plants evaluated can be readily developed. Fig. 1 1 


summarizes the results of all thirty-two plants for installation schedules 1 and 
43. The graphs give net power benefits for all plants studied as related to total 
installed plant capability. Similar graphs could be developed for any other 4 
assumed installation schedule. For any given condition or power 


_ tion, the most feasible units can n be selected. 


“CONC CLUSIONS | 
The study p precedures have beens applied in 
ing unit ‘size and characteristics and and wtimate installations for the 
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Harbor, Joke Day, and Lower Monumental | power plants. These power 
"plants will have a total capability of about 4,500,000 kw. The procedures were 
‘first applied : in the analysis of the Ice Harbor Project by manual short-cut 
methods. The John Day and Lower Monumental studies to a large extent used 
-an electronic computer which no doubt has improved the results. The analysis © 

presented” demonstrates study procedures and results which have been 


al _ should also be noted that many factors related to ‘multipurpose use, the _ 
of the power system as well as adjacent plants on the stream, 
_ ‘may be of utmost significance to final determinations of initial and ultimate 
installations. In the case of the Lower Monumental power r plant, siting was in- 


_ fluenced by navigation conditions and the pondage provided was influenced by 
i. _ favorable pondage at the proposed adjacent upstream Little Goose plant. 


An early life period of system surplus in hydro plant capability associated with | 
installations to achieve prime energy and concern as to the feasibility of pro- 


dicated that ; runners s larger than 305 in. in 1 diameter would prove more econ- 
= the horsepower rating is over 50% greater than any Kaplan unit built 
and tested as of 1961. At Lower Monumental the large water ' capacity of 23,000 
7 cfs. for. one unit in relation to minimum discharges during peaking operations 
is of significance. With consideration of all these factors in conjunction with the 
detailed studies to achieve an economic balance in design within the power — ] 
plant, six units having a runner diameter of 305 in. at optimum economic — q 
setting within a 90-ft monolith were selected. 
‘The studies presented demonstrate a practical method of establishing a 
correlation of costs and benefits: of various ‘project. ‘characteristics toward 
reducing the areas and extent to which professional engineering judgment 
must be applied. However, the economic significance of the items evaluated 
also” bring to sharp focus” the importance and need for a highly competent : 


technical staff for proper application of the specific evaluations and similar 
4 items largely dependent o on judgment i in establishing basic plans for a ‘hydro- 


= 
Ss: Hydro- Electric Design Branch, North Pacific Division, Corps of Engineers. = 
7 Computer programs used in determining basic power output data and ot 
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; pe: amount is now supplied from the Indian Br through the narrow ; Straits 

(of Bab El Mandeb. If these straits are dammed, the loss of water will result 

in lowering the Red Sea level by 12 ft per yr. A scheme is presented to utilize 
this drop to generate electricity at a very cheap cost. 


7 


INTRODUCTION 


- __ Among the great engineering projects contemplated, a p proposal for what is 


Fig. 1) by about 1.5 
x 108 cfs. This amount is now replenished from the Indian Ocean through the © 
Straits of Bab El Mandeb, If these Straits and the Suez Canal are dammed, 


this 3 evaporation will lower the level of the Red Sea by about 12 ft per yr. ‘By 7 
"Eason anon until December 1, 1961. To extend the Closing date one > 
pe... a written request must be filed with the Executive Secretary, ASCE. This paper | 
is part of the copyrighted Journal of the Power Division, Peescetings of the American * 
Society of Civil Engineers, Vol. 87, No. PO 2, July, 1961. 


Scientist, Dept. of Meteorology ‘and Oceanography, New York Univ. New York, | 
ein 2 “The Oceans, Their Physics, Chemistry and oy Biology,” by H. U. —— a 
W. Johnson, and R. H. Fleming, Prentice Hall, Cliffs, Lead J., 1942. 


Proceedings of the American Society of Civil Engineers 
teh POWER FROM THE SEA 
a 
— " hydroelectric power plant that dwarfs all existing plants and if constructed, dl 7 
will have far-reaching effect on Africa andthe world. = 
7 


This can on until the headr reaches a desired amount. The maximum 


4 
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ou 


FIG. 1. RED SEA 


_ head on ‘the site of the but. it need ‘not be less than 500 ft. The 


70,000,000 kw. ‘Other considerations will reduce this to about 50,000,000 kw, — 
as will be me later. This is about u/s of the electric energy | generated in all 


July, 1961 — 
noes allowing a part of the evaporated water to be replaced, electricity can be ‘ ; 
mies ay The difference in level between the Red Sea and the Indian Ocean A — 
= 


- world in 1959, or more than the total energy from all sources used - the a 


"United Kingdom in 1948, 


i ‘The geography and topography of the Bab El Mandeb Strz Straits make the choice | 
of a site for the dam arbitrary within a large area since the sill is situated ; 
inside the Red Sea, north of the Straits. Thus the narrowest section of the 
Straits is also the deepest, while the shallowest depth occurs in a section 
_ where the Straits are wider. The volume ofthe dam will be approximately the — 
same_ if constructed anywhere between these two extremes. Other factors, 
such as the nature of the sea bottom, the availability of suitable materials, § a 
or ' the engineering difficulties, will hi have to be considered to choose one loca-_ 


are shown in Figs. 2 and 3. Section AA' is the narrowest part where the width : 
is about 12. 5 miles, and the greatest depth is about 950 ft. ‘Section BB' is21 
miles wide, but the maximum depth is about 600 ft. Further north the Straits — q 
become relatively shallow, and the maximum depth is about 500 ft, but ll 
width becomes about 60 miles. The difficulties of damming the Straits at om atl 


of these places | are certainly great, but they are not insurmountable. | 


The amount of evaporation is to area of the sea, 

_ If the sea level is tobe lowered by 600 ft, its area al and consequently | the evapo- 

: ration will | be reduced by one third of the present amount. This will occur 

50 yr after damming the entrance if no water is allowed to come into the sea. 

é If water flow is allowed to compensate for part of the evaporation, it will a 
longer for these conditions to be attained. 
a The effect of the increase of salinity on evaporation is small, If no water 

_is allowed into the sea, the salinity will be doubled after 200 yr. This will 
decrease the evaporation by about 3%. ‘The “combined effect of decrease of 
area and increase of salinity will reduce the possible maximum of generated 
_ electricity from 70,000,000 kw to 50,000,000 kw for a 500-ft head.  ~— 
2 A great variety of schemes is possible that would generate electricity at 
an attractive cost. The amount of electricity generated can be tailored to the : 
demands through “ee coutrel of the amount of water inflow to the Red wa * 
As long as the inflow is less than the water evaporated, the generated > aaaly 4 
tricity by a certain amount of water will continue to increase. One scheme 


_ will be computed to illustrate these points. _— 


aie Two dams will be built, one at the southern end of the Red Sea and 
a another at the southern entrance of the Suez Canal. The southern dam will = 


“have a slope of 4: a: 1 towards t the Indian Ocean and a 3:1 towards the Red in. ° 

- It will rise 30 ft above the sea level and be 30 ft wide at the top p (Fig. 4). With — 

these specifications the southern dam will less than $2, 000, ,000, 000. 
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FIG. 2 _THE STRAITS OF BAB EL MANDAB, SHOWING 
“THE CROSS SECTIONS 
WHICH H THE PROFILES ARE GIVEN IN FIG. a 


FIG. 3. PROFILES OF THREE CROSS OSS SECTIONS 


SHOWN IN FIG. 
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PO 2 POWER 
bined cost of construction will be taken therefore a as s $2, 000,000, 000. the cam 
_ 2, The electric generating system will generate 75% of the maximum avail- - 
on power as computed from the water head. It will cost $200 per k kw. It will _ 
owe need replacement of parts to the extent of 4% of its capital cost every year. eg 
_ 3. After the completion of the dams, 2 yr will pass without allowing any 
water from the Indian Ocean into the Red Sea except as necessary —— * 
navigational locks. After that, and throughout the period of this computation 
: half as much water as evaporates will be allowed into the sea. As a result of - 
_ this the sea level will drop by 24 ft in the first 2 yr, and 6 ft per year from that 
7 _ 4, After the 25th yr of operation, another dam will be built in the southern - 
a ont of the Gulf of Suez. This oes will cost $1, 000, 000, 000 and will be finished 


- 


The of evaporation will continue to be the same ‘throughout t the 


FIG. 4. —PROFILE OF THE PROPOSED DAM ATA’ A PLACE hae FT DEEP 


"The: ‘necessary loan to out the project will be available at 


; ‘The price of eetetatie i at the s source ce shouldbe 3.5 mills | per kwh, In come 

"parison, the price of electricity generated from atomic plants is predicted by — 

the Atomic Energy Commission to be 6.57 mills per kwh in 1975. Also, any 
: power plants producing electricity at 5 mills} per kwh in the United States could a 
capture 43% of the market , and 1 any plant producing it at 4 mills per kwh could _ 


a: computation carried out according t to the preceding assumptions an 


quirement Gare" the following results: 


= 

j 
| 

; ‘ although it is strictly not valid as evaporation will decrease with decrease of 7 
&g 

4 | 
i 
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a> The cost of new rorrmenens that has to be ae annually is 58,500, 000. 

“st cost of renewing existing equipment will thus rise annually by 

»400, 000. used power 1s $8,000,0 


By the 82nd yr the entire debt, with its interest charges, is iiquidated. 
The net revenue the 82nd yr is about $500, 000,000. 


CHARACTERISTICS 


‘This project has some new features that make it unique among existing 
. - hydroelectric projects. Because of their novelty they are enumerated here to 
bring them into sharper focus. 
It makes use of direct evaporation due to solar energy 


/ 2. Power is produced by lowering the level “of the lower ‘reservoir iu 


3 the sea, _ There is no need to allow water flow for flood control as the water 
level in the upper reservoir is constant. 
ear _ 4, The power that is not producedis actually stored, and : when it is needed, 

Bs it will become available and with interest. ‘The interest comes from the fact 

_ that due to the increase of head, the same . amount of water will generate more 

a electricity 

5. Because of the increasing salinity in the Red Sea, it can eventually be 
mined for different chemicals, and thus the project will be producing some of 

_the raw materials that the new industries 

6 ¥ The problem of silting which plagues many river projects is non- a 
* . Because of the ever increasing head (at least during the first 50. yr of 

_ operation) special turbines will have to be designed to work efficiently overa 

) am will be protected from the action of large waves because of the. 

: _ shape of the Gulf of Aden and the Bab El Mandeb Straits, = = = = © 

a * The project also. offers the intriguing possibility of the first planned 


tapping of the nutrients: stored in the deep water of the oceans, By restricting 
: the water intake to certain 49 in the Indian Ocean, it is possible to pump ~ 


_ Problems will, of course, arise. The most important are as follows: a 
Shipping» which now passes through the Red Sea without any locks will 
have to be carried through systems of locks. These should be of adequate size 7 
t handle at least the volume of traffic that can pass through the > Suez | Canal, 


“Food from the Sea,” by E. M. Hassan, Bulletin of the = 


of Cairo, United Arab Republic, 1961 (inpress)) 
7 


“a 
- 
=. Alter yr irom the Stal [@) herating eCiecrricity the 
2. & = sufficient to meet the annual cost of equipment and replacements 7 
aa 
 . 
nit wotor thot ic Ar nower conor TH he alinwe in 
| 
if 
= 
could develop a major fishing industry in that area. Many problems h 
howeeverr, before such an extension of the project is 
; 


_ Existing port facilities will be rendered useless, and new ports will have 


to be constructed as the sea level drops. This is a major expense to the coun- 

tries concerned, but may well be a profitable brome considering the 

benefits to the whole area from industrialization, 


GENERALIZATION | 


7 ‘The same e condition | on which this project rests also exists in other n mar- 
ginal seas. This condition is the inherently unbalanced water budget of ise 


‘te The deficit o or * the « excess is taken care of | by | transporting water over 


for the generation of electricity § since, to produce a head there, the sea level a 
has to be raised d substantially. ‘This will flood dry land which is very undesir- ae 
-_ a ay. _ Example of seas with a deficit water budget are the Mediterranean Sea and 
the Persian Gulf, Other reasons } ae them not as su suitable as the Red Sea for .- 


“the generation of electricity. 


+ conc 


LL Because of excess s evaporation, the Red Sea will drop by about 12 ft per 
az. A dam with the necessary installations for generating electricity and 


‘systems of locks for Shipping will cost something like $33,000,000,000. The | 
, the rest being met by the - 


actual debt needed is less than $7,000, p00, 000, 


+ 3. 2 The system can be pi paid for in 82 yr while producing electricity at 
3.5 mills per kwh. A conservative estimate of the amount of electricity pos- = 


ine to generate is that it will be more than 15 times that it generated by th the 


4. The advantages” of getting that much electricity for industrialization 


"greatly o any foreseeable disadvantages. 


writer” wishes to thank Charles S. Cox and Robert Ss. Arthur of t the 
Scripps Institution of Oceanography for many stimulating discussions and 


valuable suggestions, and David M. Garner of New York University f for reading» 


Since the writing rof this article, it has been brought tothe writer’s attention 

_ that the principle of this project has been suggested by M. R. epeeers in 1940. 

The writer has been able to locate the original reference. 
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OROVILLE DAM AND APPURTENANT FEATURES» 
Schulz, P. Thayer,” and J. J. Doody, Fellows, 


. This 735- ft 


high dam will be the highest dam in the United States (as of its ‘completion date) ‘a : 
and the apees fill type Gam in the world. Ancther novel aspect of the project snd 


“Stream a during the generating cycle and then reverses itself back through the = 
four reservoirs during the pumping cycle of the two power mes involved. 


"The Oroville Dam of the Feather River — is a major unit of “The Cali- -_ : 
fornia Water Plan” of the California Department of Water Resources. The 


water plan endorsed by the State Legislature is a master plan to guide and co- ey 


_ ordinate the planning and construction by all agencies of works required for _ 


the control, protection, conservation, and distribution of California’ Ss er 
Oroville — located near the town of Oroville in Butte County, will be ii 
fill type dam about 735 ft high containing approximately 80 million cu ydof fill. © 
It will be the highest dam in the United States and the highest fill- ~type dam in 
| “Note. —Discussion open until December 1, 1961. To extend the closing date one 
month, a written request must be filed with the Executive $ave ASCE. This paper 


i) 
This paper describes the investigations and design studies | 
action a lam at ¢ha ravi citc | 
| 
| 
Society of Civil Engineers, Vol. 87, No. PO2, July, 1961.00 
gg _ 1 Vice Pres., Leeds, Hill, and Jewett, Los Angeles, Calif., formerly, Chf. Engr., Div. | 
“4 of Design and Constr., Calif. Dept. of Water Resources, Sacramento, Calif, 
: _ 2 Asst. Div. Engr. for Design, Calif. Dept. of Water Resources, Sacramento, Calif. § [am 
i prin. Engr., Calif. Dept. of Water Resources,,Sacramento, Calif. 


the world. The 523, 000 a acre- -ft reservoir will be of the 
= will function for flood control, conservation, and power generation. (Fig. = 
— 1.) In the left abutment of the dam there will be a 600 megawatt underground. : 
. power plant, and on the right abutment will be a combined spillway and outlet 
- Downstream from the Oroville main dam there will be three e smaller dams, 
a power canal, a second power plant, and probably a fish hatchery. The first 
7 7 of these smaller dams is known as the Thermalito Diversion Dam and it serves 
to divert the flowfrom the | main main river channel into the Thermalito power canal 
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that, in turn, Miiliienes into ‘into the Th Thermalito oy created by the second of 
the smaller dams. The flow then passes through the power drop at the second 
_ power plant called the Thermalito power plant and via a tailrace channel into 
= ‘Thermalito afterbay | that is contained by the third of the smaller dams. 
- After making the necessary irrigation releases into the Western canal and the 
‘Butte: canal, the reregulated flow is returned to the main river at the 
river outlet. The Thermalito plant will have 105 megawatt c: capacity, part of 
which will be provided by pump reg~eur will be the case with part oa the — 


| 

fl 
— 

— 4 


of the water will be pumped from the Thermalito ume through Thermalito 
power plant back into the Forebay and the flow will be reversed in the Therma- 
lito power canal back into the Thermalito diversion dam. The water will then 
be picked up by the pump turbines at the main plant and pumped back — the | 


ery 


The Feather River isthe most om pegs tributary of the Sac1 ramento River. 


of the stream at that | point varies from a mean of 4,244, 000 acre-ft to a min 
g of 1,200,000 acre-ft and a maximum of twice the mean. Flood flows have — 
occurredup to a recorded maximum of 230,000 sec-ft. The smallest recorded — 
flow was 300 sec-ft on November 9, 1931. . This mean seasonal runoff repre- 2 
gents about one-fifth of that of the entire Sacramento River drainage basin — ; 
above the valley floor. A substantial part of the surplus waters of the wacen- , 7 
mento Basin lies in the Feather River area. . Studies indicate that only about i 
‘a one-fifth of the mean seasonal runoff of the Feather River will be required to — 

%. _ supply the ultimate water needs of its immediate service area when properly — 
controlled and utilized. The remainder would be conserved tothe extent prac- 
ticable for exportation to areas of deficient water supply to the south. 7 

_ Power and irrigation storage and diversion above the Oroville Dam site 
; _— a considerable influence on the runoff that reaches that point. The to total 
> “upstream storage capacity in thirteen reservoirs amounts to 864,000 acre-ft. 
a The Big Bend power plant is inthe proposed Oroville Reservoir, and it is pro- 
posed to buy the plant and abandon it with the — of operation of the Oroville 


In addition to the foregoing developments and diversions, the Oroville- _ 
_ Wyandotte Irrigation District is constructing a power and irrigation project on 
_ the South Fork of the Feather River above Oroville. The scheme will provide 
a storage capacity of 155,000 acre-ft inthree reservoirs. = 
‘The Department of Water Resources of the state of California proposes to 
build five smallto medium sized dams ontributaries of the Feather River that 
will be called the Upper Feather River Division of the Feather River Project. | 
“Their primary functions are conservation and recreation. Frenchman Dam 


located on Little Last Chance Creek, atributary of the middle fork of the Feather 


128 ft high that will impounda reservoir of about 50,000 acre-ft capacity. There 


jerei It is under construction (in1961) and is an earthfill-type dam = 
- four other dams proposed for later construction ir in the he Upper = rons River’ 


Division similar to Frenchman Dam. _ 


PROJECT. ACCOMPLISHMENTS 
= 


‘The Oroville Reservoir will provide a a 750,000 acre-ft. flood control reser-_ 
vation that will be sufficient to prevent another disaster ‘such a as occured i in the = 


Feather oor also will have important flood control effects throughout the low-_ 
- lands along the Sacramento River and in the Sacramento-San Joaquin Delta. 
The Oroville and Thermalito Power Plants will generate 2,750,000,000 kw a. 


_ of electrical energy each year, much of it for peak demand. The annual yiels . 


— 
— 
aa 
— 


will be 1, 135, 000 acre-ft of water use in the service area as as 
export to the southern areas of 


Rock types at the Oroville Dam Site, that are of of th the Mesozoic Age or older, 
: include amphibolite andsmall patches of meta- -igneous granitic textured rocks. _* 
Afew feet of residual soil covers these rocks between sparsely scattered rock 
outcrops onthe abutments, while frequent floods tend to keep the rock near the 
vr bottom washedand well exposed. There are sheared zones in each abut a 
if ment that have been explored by means of diamond drill holes and also by ex- 

; 7 ploration tunnels. The predominant foundation rock atthe site is very hard, 
dense, green- -gray to black, coarse to fine grained rock in which recrystalli- , 
zation of the minerals due to metamorphism is such that the original composi- 

uP tion is obscure. The average specific gravity of the rock is about 2.96. The kb 
rock is generally massive although schistose in places. These rock types are 
cut by small veins of quartz and calcites. The rock in most | cases is very hard, 


- Quite an extensive program of diamond drilling exploration ! has been accom-— 
plished at the dam site and this has been supplemented by the driving of four 
* exploration tunnels, two in each abutment. A special drilling program for de- 7 
F termining the location of the underground power plant is under way (in = 

a 1961), andit will be followed by a fifth exploration drift that will be driven into 
the proposed power > plant location. _ Further detailed drilling will be accom- 
from within this fifth exploration tunnel as well asa program of mone- 
ing y program has been carried out to g get the basic information ‘required for the 
_ design al the grout curtain and use as a basis for estimating grout take, and 
extensive laboratory testing program of the materials to be used in the rane 

' are being carried out. As of May 1961, 220 holes have been drilled with a total tl 
footage of 24,852 ft of which 184 holes and 21,918 ft have been drilled at the — 

i main dam site. A total of 5,251 ft of exploration tunnel have been driven. Ex- 

4 tensive auger and dragline pit explorations are being accomplished in the bor- 

_ ‘row areas. This has been supplemented by seismic surveys of the site. Cost 

_ of exploration to date ‘represents < about 0. .3% of the estimated construction costs. 

q _ Seismicity studies of the proposed site were conducted to determine the 
history of earthquakes and their probable intensity at the site. During a period 
of 119 yr, twenty-two earthquakes have affected Oroville Dam site with an in- 
tensity of V or greater on the Rossi-Forel or Modified Mercalli scale. The 
27, 1869 earthquake, Rossi-Forel intensity VII, was the most severe 
earth vibretion recorded for Oroville, and was probably the amy shock that 

. have caused damage to modern structures at the dam site. _ Earth vibra- 


tions of intensity I through IV, apparently, originating within a 20 mile radius | 7 

. Oroville, may indicate small scale earthquake epicenters in the vicinity of 
Boy = reported vibration. It is unlikely that any of this group of vibrations af- 

a fected the Oroville Dam site. From this study it has been concluded that the 


_ site is in an area of relatively light s t 

ALTERNATIVE DAM DESIGN STUDIES 
-e the e studies ; leading t to ‘the selection of the final type of dam to be con- 


structed at site of design w were seriously considered. 
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OROVILLE DAM 


1 buttress, and the zone type fill dam that was finally selected. Preliminary de- 
signs and cost estimates were prepared for the five types of dams as a basis _ 
for the final decision. The gravity dam proved to be the most expensive, and 
the fill dam the least eepeeeen, with the buttress type dams being : somewhere 

The fill type design was selected not only because of economy but because 
‘the consulting board reached the unanimous conclusion that the site was not 


suitable any type of concrete dam of the height 


dam will be 735 ft high 1above stream bed will contain approximately 
80,000,000 cu ydof fill. (Fig. 2.) The main bulk of the dam will be the pervious 
one that are made up of graded gravels up to 10 in. in size that have — 
sulted from gold dredging activities in the vicinity | , of Oroville. There is a 
large area of these dredge tailings just southwest of the town of Oroville which 
is the proposed main borrow area for the dam. Just adjacent to the — 
4 area is a deposit of impervious material for use in the core of the dam. The 
coarser dredge tailing material is underlain by sands and silts that were sepa- 
rated from the tailing material in the gold dredging operation. It is proposed _ 
touse a combination of the underlying sands witha portion of the coarser dredge — 
tailings to make up the transition material required in the section of the dam. 
_ Anovel feature of the design is the concrete core block section on which the _ 
_ impervious core rests . This limits the vertical height of the impervious core 
to 665 ft. Also provided is a concrete toe block at the downstream toe of the 
dam. The toe block will serve to contain the fill at the end of the second con- 
struction season when it is proposed to > pass flood | flows over the ‘portion of 
the completed fill. Extending up the abutment from each side of the core block 
in the bottom of the core trench will be a grout cap of a size adequate to ac- 
> _ commodate a grouting and drainage gallery from w which the drilling and grout-_ 
ing for the grout curtain 1 will be accomplished. 


race tunnels for the underground power plant. 
7 oe critical one for diversion, andit is planned to have the fill at El. 575 before 


_ Diversion of the river will be provided for by means 5 oftwo 38-ft ID tunnels 
7 Ss the left abutment that will, subsequently be plugged and used as tail- 


tunnels will be able to handle the standard project flood that is greater thar eal : 
twice the peak flow of the disasterous flood of December, 1955. ay os. im 
_ The section of the dam will be analyzed by both the wedge method and the 
4 slip circle method; because of its unprecedented height, conservative safety 
_ factors were selected. They are safety factor 2.0 for static conditions and 1. 5 
when the seismic force of 0.1 g is included in the analyses. Values of the angle 
a internal friction for the pervious and impervious materials of 40° and 30°, . 
respectively, have been indicated by preliminary testing. An extensive pro- 
gram ‘of exploration and testing of the materials in the borrow areas is ; under — 
way at the present time. The length of haul from the borrow area to the dam 
is approximately 9 miles. Studies of the most economic method of hauling» 
borrow materials from the pit to the dam site, have indicated that rail haul of © 
_ material loaded ‘in the — by shovel is least expensive. This scheme makes | 


= flood season of that year. With this storage available, the two diversion 
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3 use of the former W Western Pacific main line track that runs through the dam ae 
site and will become the property of the state of California when the new re-- 
located line is put in service by the Western Pacific Railroad. The contem- | 
plated construction schedule requires a high rate of placement of fill materials 


that, , of course, will a of by the construc- 


7 A chute type spillway is located in a saddle in the right abutment. — ’ 
ee rated in the spillway, and centrally located, are > seven 2 26.0 ft-by-26. -67- ft top 
seal radial gates that will serve as flood control outlets. The regular overflow 
_ spillway will be locatedon either side of the flood control outlet works. It will 
; have an ogee crest andwill be provided withfour 34-ft-by-95.0-ft radial gates, 
two on each side of the flood control outlet works. The combined capacity of 
the spillway and the flood control outlets in 509,000 sec-ft with water surface 
, at El. 900 and 650,000 cfs with the reservoir at El. 909 which is the spillway — 
flood pool. The outlet works gates would be electrically operated with manual 
controls. It is not planned to provide trashracks for these gates because they 
are of relatively large dimension and would pass s ordinary floating debris with- > 
_ The spillway gates 1 are of the “ overhung” type (Fig. 3) similar to | those in 
use at Horseshoe Dam in Arizona. With this type of design it is considered © 
i practicable to provide a gate width of 95 ft. The piers are located entirely 
_ downstream from the « ogee crest. At one end each gate will seal against a pier 
7 or an abutment; at the other end it will seal against the other gate that will 
require a special sealing d device, the details ¢ of which are to be worked « out. The 


vow 


q 


4 to the counterweight arm. Each gate will be provided with two counterweight 
7 arms, one at each pier, and 1 will operate i in 1a recess in n the pier. | To conserve 


wall are designed to be framed in The gates will be de- 
_ signed for automatic operation andwill b be activated by asubmersible counter- 
- 3 weight hung in a well that will be open to the reservoir. When the water in the 
pe! well tends to rise above mid-height of submersible counterweight, a force will 
be exerted opening the gate, and conversely, if the water should drop below 
- mid-height of the _ submersible counterweight, the gates will close. Downstream 
of the gate structure proper there will be a paved concrete apron extending — 
for alittle over 400 ft that will terminate in alip supported by afairly massive 

_ concrete cutoff. From the end of the paved apron, an unpaved spillway channel " 

cut to the rock will extend down to the river. An alternative design being con- 

a _ sideredi is to provide a depressed section cut into the rock spillway chute suf- | 
- - ficient to provide for the discharge from a project design flood of 150, 000 sec- a 7 


4 _ Hydraulic model studies of the spillway were performed inthe Hydraulic Labo- 

: ; Bac of the University of California at Davis, Calif.,from November, 1954 to © 
7 March, 1955. However, changes have been made in the ‘design si since > that = 
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oa of the the end of the spillway it will 

_ ing into the pool created by the diversion dam down stream of the main dam. 
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and one reversible Francis type pump turbine unit having an n aggregate gener- 
ating capacity of 420, 000 kw. When there is a market for the additional ney, 


total generating capacity to 600 ,000 kw ona pump storage operation. 

‘Regular turbines will be rated as 110 megawatts. The pump turbines will be 
rated as 90 megawatts when generating and and will be rated at _ ) megawatts nef 


Power Plant is beng designe 
Oroville will be provide ity of 600,00 
— 
&g 
— 
— 
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Three different schemes for the power plant have been studied _ this site. 

a One scheme was to provide for the power plant in a large vault in the interior 
of the core block of the dam. This required a larger core block than presently 4 

_ shown to accommodate the vault required by the plant. Penstocks were in tun- 


nels and also the tailrace was provided for in tunnels, some portions of which — 
were cut-and-cover sections. A second scheme 1 was to provide a surface type 


penstock tunnels that, in n turn, required surge tanks or pressure 
tors, both of which increased the cost of this scheme considerably. The third = 
tee 


a 


>), 


a. 
"scheme was to ‘© provide a an underground power plant excavated in the left : abut- 

7 ment of the dam with the penstocks constructed in tunnels and the tailrace also 


a part of the construction. 
least cost and best operating 
‘The main machine hall will be about 513 } ft long with a 72-ft clear span and 


a height of approximately 125 ft from the c crown to the bottom of the draft tube 


excavation. 22-ft will the 1 water to the 
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duly, 


turbines. The reservoir endof will be controlled by 
ant bell type gates that will be operated by compressed air from the ool 
_ plant. | These will s serve as emergency gates. The draft tubes of the turbines 
will: discharge into the e two 38-ft ID diversion tunnels. The higher of the two 
tunnels will provide a free water surface within a reasonable distance of the — 
unit. - Surge studies are presently under way for the entire system of the pen- 


_ stock tunnels and tailrace tunnels, and a hydraulic model of the system is 

Transformers (13. 8/230 KV) will be located between the turbine units and 
the leads will runthrough a compartment in an access to the saan . 
_ that amy be located at the downstream toe of the dam. 


-isconsideredadvisable, 
Bypasses will be providedthrough the tunnel plugs; one a bypass 
used during construction ; andthe other a permanent bypass to satisfy irrigation 
needs in the event that the power ower plant would be completely shut down. eee i 
_ It is planned to provide a control building: at the downstream toe of the dam 
locatedat the switchyard. From this location, the main units will be controlled 
- aS well as the units inthe second power plant downstream from the ‘main plant. ‘ 
Other plant layouts are under study, including one with the units arranged in a 7 
7 circle in plan. As of April, 1961 the final decision on layout had not been made. 
: _ ‘The pump turbines would be operated as pumps in the winter and spring 
‘months of dry years to return to the Oroville reservoir the power releases in oe 
excess of downstream water requirements. The Oroville power plant turbines 


ree to sound rock will be provided for future expansion of the plant when that | 


The Thermalito diversion dam will be constructed about 42 river miles — 


— the main dam. It will back up a pool to El. 225 ‘and es establish _ 
the tailwater onthe Oroville Power Plant . Its pool will also be the plunge pool — 
for the spillway for the Oroville Dam. It will be a concrete gravity structure — 
about 150 ft in height above stream bed and will serve to divert the water into | 
the Thermalito Canal. It will be 1,280 ft long containing 127,000 cu yd of con- 

ra crete. . Its overflow spillway will be equipped with seven 21-ft-t -by-90- ft radial 

- gates. The head gates for the Thermalito Canal will be three 33-ft- -by-33- -ft 
topseal radial gates. It is necessary to release about 400 cfs of water through © : 
; this dam in order to keep the river downstream of the dam alive. ‘This water 


power plants and for other project purposes. 
THERMALITO © CANAL AND FC FOREBAY 4% 


‘The Thermalito power canal will have a capacity of 18,000 cfs, and it con- 


veys the water westward from the diversion dam to the Thermaltio forebay. It a 


has a bottom width of 48 ft and a maximum depth ¢ of 23 ft. The canal is de- a : 


| 
ine 
— 
oe _ the Oroville reservoir drawdown to 1,200,000 acre-ft of storage. a 
‘ 
— Sa 
is passed through a small power plant that will be Dullt inside the gravity 
— 
| 
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OROVILLE DAM 


"signed to carry flow in n the reverse direction when the pump t turbines a ste 


-Thermalito plant are operating on the pumping cycle. rare 
_ The Thermalito Forebay Dam is a low earthfill structure with a a maximum | 
height ¢ of about 65 ft that backs up a reservoir of about 14,000 acre- -ft. 30.0 

= 


The tailrace channel the Thermalito power plant discharges into 
- ‘Thermaltio afterbay which is contained by a long low earth dam. The afterbay — 
gz a capacity of 44,500 acre-ft and provides the necessary reregulation for | 
= discharge of a reasonably uniform flow back into the natural river — 
. at the outlet structure. Irrigation water is supplied at two different points in ’ 


the afterbay, on the Western Canal headworks and the other the Sutter- -Butte 4 
headworks. During the pumping cycle water from the afterbay is pumped 
back throughthe Thermalito power plant and the Thermalito power canal tothe 
- pool behind the diversion dam where it is picked up by the pumps in the main 
Power plant and pumped back into Oroville reservoir, sis 


‘UTILITY } RE LOCATIONS AND FISH "FACILITIES 


Some costly utility relocations are tavotved 1 in the construction of the pro- 
ject. In addition, 20.5 miles of state highway (alternate U. S. 40), 27.1 miles 
= the Western Pacific Railroad, and six miles of the Feather River Railway 
must be relocated. Also, the Pacific Gas and Electric’s Big Bend power 
with 70,000 kw capacity will be completely inundated. There are county roads, 
fire protection ‘Toads, power transmission, telephone and telegraph lines, and 


the Palermo Canal of the Oroville- -Wyandotte Irrigation District that will have _ 
: _ to be relocated or modified. A fish hatchery and artificial spawning beds will 
have to be constructed Oroville to prov oft the ‘Thermaltio D Diversion Dam just ac 


4 


_ +The br cost of the project is $425, 000, 000 of which $250,000,000 is 
for the main dam. 1, power plant, and spillway, $55,000,000 for the downstream 
: facilities and $120,000,000 for the cost of rights of way and relocations. The 
_ acquisition of lands and improvements and relocation of utilities is well under 
4 way. As of April, 1961 there has been about $60,000,000 spent or a 
for these features of the project. 
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g _ The Thermalito power plant will have a capacity of 105,000 kw and will be &§ 
equippe to operate for pump storage with one regular type turbine andtwo 
turbines. It is planned to double this capacity when justified. 
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«GLEN CANYON POWERPLANT? 
By Samuel Judd! F.,, ASCE 


principal features of Powerplant, which is a major 
_ structure of the Glen Canyon Unit of the Bureau’s Colorado River Storage Pro-. 
ject in northern Arizona is described. The paper discusses location studies, * 

reconnaissance for the powerplant site, specifications, preconstruction con-| 


siderations, ‘structural design, and architectural design» of the 


: - Unit of the Colorado River Storage Project. This project was author- 
ized by Congress inthe spring of 1956 todevelop the land and water resources 
of the 110,000-sq-mile area called the Upper Colorado River Basin. The Glen | 
Canyon Unit is located on the Colorado River in northcentral Arizona, 15 miles” 

= upstream from Lees Ferry and 13 river miles downstream from the Arizona- — 


_ In addition to the Glen Canyon Dam and Powerplant, the unit includes access 


7 ‘Toads, a switchyard, the Glen en Canyon Bridge, and the new permanent commu- -_ 
4 y of Page, Ariz. This town is named after the late John C. Page, Hon. M., 
ASCE, and Commissioner of Reclamation from 1937 to 1943. The community — 


_ Note.—Discussion open until December 1, 1961, To extend the closing date one > 
onth, a written request must be filed with the Executive fren ASCE, This paper y : 
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will house both the contractor’s aii rces and the Bureau’s —" during con- 
_ struction, and, subsequently, the operation and maintenance forces. The total 
cost of the Glen Canyon Unit, without transmission facilities, is estimated at 


Construction of the dam and powerplant at Glen | Canyon began 1 yr after the | 
project was authorized by Congress. A low bid of | $107,955,522 was we oa 


and the contract was <a on — 29, 1957. This represents one of the 
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_— single contracts on — for a dam and powerplant, and the largest 
= awarded by the Bureau of Reclamation. 
| Glen Dam will rise about ty. 1 above the foundation and create 


= — 
FY 

| 
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400 ft downstream from the axis of the dam, Fig. It will be areinforced 


POWERPLANT 


concrete structure about 650 ft long, 113 ft wide, ,and 150 ft high above: the mass 

; concrete required for its foundation. The ultimate installation will « comprise 
‘eight 112,500-kw generating units, each driven by a 155,500-hp, vertical shaft | 
_ hydraulic turbine. . Water will be delivered to each turbine through a 14- — 


diameter steel penstock. _ The total generating capacity will be 900,000 kw, or 
about 81% of that authorized for the project. BA 


« 


narrow section | of Glen with th nearly vertical walls about 700 ft 
to 2° F ry December and Average snowfall is 4 ‘in. ‘recorded at 
Ferry. The annual precipitation averages 6 in. 
_ General. —Several difficult problems are presented in fitting a long multi- © 
unit powerhouse into a narrow canyon in conjunction with a concrete arch 
To position the powerplant parallel tothe canyon walls ‘requires the use of large — 
‘tunnels in the canyon walls leading to smaller tunnels to feed water to each © 
unit. This method of bringing water to each of the hydroelectric units has to ’ 
be compared with the design using penstocks through the dam to a building» 
placed across the canyon. This latter is a careful balance of the shortest pen- — 


> 


stocks possible for economy with the design requirement that the excavation 
for the powerplant end bays will not remove rock that i is B needed for Support of 
the arch dam at its abutments, Fig. 3. 
_ At Glen Canyon, the use of expensive intake towers | in the reservoir and 4 

4 tunnels i in the rock was discardedinfavor of penstocks through individual blocks — 
in the dam with intakes on the face of the dam. This decision to place the pow- 4 

: erhouse across the canyon, however, caused many difficulties in the building — 
layout and and influenced to a great extent the n of power un units. 


| ‘The: functional design leading to finished general arrangement drawings of 
the Glen Canyon Powerplant progressed through three distinct periods, namely: 
reconnaissance, specifications, and preconstruction. Comparative estimates 
_ were prepared where necessary to select the best of several schemes in each 7 


_ Phase I—Reconnaissance. ay favorable site for a major dam and power- 
"plant had been selected in the field in Mile 15, or 15.3 miles upstream from a 
In 1949 and 1950, most of the design data were far from being firm. ‘The: 
height of the dam hadnot been determined and consequently the reservoir stor- 
age capacity and the power head had tobe assumed in order to start on layouts 
for “reconnaissance-type” estimates. A preliminary draft of an interim re- 
port in 1949 9 had | recommended a a powerplant | of 8 800, 000- kw y capacity. — 


= 


=" 


2 “Design gn of Glen Canyon Dam,” by Louis G, Puls, , presented at the February, 19 959 
5 ASCE Convention at Los Angeles, Calif, 


esting has been presented by 
Louis G. Puls,2 F. ASCE. The area is essentially a country of broad, cliff- 
= 
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One o of the pro problems ‘in the number of units in tho 
was their effect on the dam design. The number of penstocks would affect the 
position of the intakes, the outlet pipes, and the jointing of the dam. Three 
7 schemes were made of 7- -unit surface plants with 138,600-kw units for a 
_ 970,200-kw total capacity. One surface was for a surface plant with six 
138,600-kw units for a total capacity of 831,600 kw. si 
a layout v was made of an underground plant downstream from the ‘nae left 
= _ It consisted of an excavated hall containing 6 units of the same ca- — 
pacity as the 6-unit surface plant, 2 station- “service units, with a service bay 
_ and a control bay at opposite ends of the hall. The transformers were to be _ 
located in partitioned vaults along the generator floor. Rough estimates of 


cost of the 6- unit surface and underground schemes were made, 


Phase II —Specifications. —As the specification phase of the work was entered 


into, schemes for 6-, 7-, 8-, and 10-unit plants were considered. The building - 
for the 10-unit plant was approximately 745 ft long. An excessive amount = 


canyon wall rock excavation would have resulted from a cross- canyon position 
but to have turned it parallel to the canyon wall would have required expensive — 
_ watertunnels inthe canyon walls. Although the 10-unit plant required a 

- qmaller bays, the larger number of units resulted in a plant longer than the 
7 - and 8-unit plants. The cost of the penstocks for the 10-unit scheme | 
almost twice that for the T-u -unit scheme because of their greater length and 
- _ Therefore, the use of more than 8 units appeared undesirable from the eco-— 


to study « a plant with eight 112,500-kw units with atotal capacity of 900,000 i 
and a design head of 510 ft. A study of the effect on the building size for = 
2 chine speeds | of 150 rpm and 163.6 } rpm showed a somewhat smaller size unit — 
oa for the faster speed. However, it was decided to use the slower speed of 150 
= to avoid any possible generator design difficulties. This 150-rpm speed, 
fi design head of 510 ft and rated head of 450 ft, the number and size of units at 
8, with 112,500- -kw capacity each, became the statistics used throughout all 
- later schemes and the specifications, Fig. 4 shows a transverse sepa 
‘The experience gained from previous schemes for long plants showed that 
long penstocks were necessary for a location which avoided the dam thrust - 
_ lines. Also, such a location at Glen Canyon resulted in considerable depths of ; 
‘mass concrete fill under the powerplant. Therefore, a scheme was studied to mi 
shorten the building by placing the control room and appurtenant rooms in an 
upstream > lean- to, instead of in an end bay. Then a layout was made with the x 
control room on the generator floor level of the service bay, one story below — " 
entry or erection floor instead of the previous upstream location. = 
A cost study of the mass concrete foundations comparing cellular wall sup- Za 
ports with mass concrete fill revealed that the mass concrete fill was less ex-_ 
pensive and, therefore, it was retained inthe design, 


_ The general arrangement plan as incorporated in the construction — 


= side, the expansion joints between each unit, a a powerplant length of 665 


= and the machine shop upstream of the service bay. It was also decided ecto 


| 
— 
j 
| 
— 


the preparation of these drawings was under way, it was possible to make cer- 
tain improvements. By checking the building for clearance with the thrust lines 
of a new dam design, it was possible to move the building closer tothe dam 
axis, from 524 ft that had been previously established to the indicated 470 ft. 
Ya Phase IlI—Preconstruction.—The plant, as shown on the specification draw- 
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- ings, met the requirement of positioning all powerplant excavation outside the 
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‘FIG, 4, —TRANSVERSE SE SECTION THRU UNIT NO.1 


in specifications. However, reports. of additional tests sub- 
a tothe preparation andissuance of the specifications required thicken- _ 


—- the dam at the abutments to reduce the bearing pressures. ‘This revised 


mee design changed the arch thrust lines in such a way as to require locating 
_ the powerplant downstream an additional 20 ft, or 490 ft total from the dam q 
axis. Unless the designers were able to arrive at a compensating design, =. : 
is  -20-ft ‘shift would have lengthened the 8 penstocks and 4 outlet pipes and would 
have increased the powerplant cost. Therefore, it was decided that 


a 
Generator 


PO 2 ‘POWERPLANT 
should be made not only to avoid shifting the powerhouse the 20 ft downstream, 

_ but that an attempt be made to reduce the original 470 ft shown in the specifi- 7 
cations and thus make further savings. It was decided to modify the rp tothe 

"oy of the control and service bays and the machine shop, in relationship to the 

units, that resulted in an L- shaped building. = 

_ L-shaped schemes were drawn, 
Movingthe machine shopfrom the upstream specifications te to 
stream of the service bay was studied. This reversal of the “L” allowed the 
service bay and eight units to move closer to the dam and shortened the pen- 

= but in so doing c caused the control bay. on the right e: end to to encroach on 

_ The control bay, as such, was eliminated except for a narrow tower located 

_ at the downstream corner of the end of Unit 1. This tower contained a stair- -_ 
= a passenger elevator, and a cable shaft. A 2- -story structural steel struc- | 
ture called the controlarea was placed above the supersturcture of Units 1 and > 

2 . This shortened the length of the upstream wall of the building and permitted 
this wall to be located 400 ft from the dam axis. While the elevator tower added Z 
24 ft and the widened machine shop added 25 ft tothe overall length of the build- 
ing, these extensions were downstream of the upstream capes | wall and 


outside of the abutment thrust lines. — ry 


A review of the Munda, made in conjunction with previous dam designs, — 


snowed that with minor modifications the result of these last powerplant stud- ud- 
ies could be utilized for the final design of the powenpinnt structure in conjunc-_ 7 
tion with the finaldam design, 
New general arrangement drawings were prepared superseding all or part 
of the specifications drawings. The final design, Figs. 5 and 6, for construc- _ 


1. The upstream wall of the units and service bay ameaee 400 ft from oil 


at that is 70 ft less than the specifications design. a mes i 
The final length to be 598 ft 9 in. for the upstream or “a > length 


and 648- 9- in. overall from the elevator tower to the machine shop. 
3. The r machine : shop located downstream instead of upstream of the service — 


bay | with a passage on th the tailrace side of the machine shop for access to the 


Elimination o of the control bay formerly adjacent to Unit t1. T The 
tors, ‘stair tower, and cable shaft were placed in Unit 1 ina 


“the sown, spreading room, and offices formerly in 


control | bay located above the typical superstructure of Units 1 and 2. a 


eas a result of th these studies in the Phase Ill schemes, this location produc- 7 
ing shorter penstocks, together with the layout improvements, and using the 
un costs, an estimated $1, 000 0 over the design. 


- Stability. —The unit bays are separated from each other bya contraction- 4 


expansion joint This insures that act as separate monoliths. 
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POWERPLANT 

_ joints are located 65 ft on centers as is customary with units of this size. In 
‘ ; addition. » the mass concrete required beneath the unit bays was necessarily | 

& jointed at the same intervals. While consideration was given to combining two a 


unit bays into one monolith, the mass concrete and magnitude of the units pre- 

|S The unit bay monoliths comprising the mass concrete in the powerhouse 
structure were analyzed as outlined in another ‘publication.3 The allowable fac- 7 
tors of safety are divided intotwo parts for the various loading conditions con- 
sisting of the skeleton powerhouse structure, the completed structure, maxi- _ 


mum tailwater, minimum tailwater, saturated backfill, and dearthquake. These 


TABLE ALLOWABLE FACTORS OFS. 


= Operating 


Factors of 


Safety 


Shear-friction 


e factors of were by the 


Oven 


rturning = SOM (overturning moment) 


Flotation. . =W (vertical forces) 


in which =W is the Summation of vestival forces; denotes cohesion, in kips 
per sq ft; A represents area, in square feet of base in compression; U denotes 
uplift forces; H horizontal forces; and f is the coefficient of | 
The properties of of the foundation rock v were determined ed by iameratory test test- 
Coefficient of friction, “f”, of concrete to rock = 0.6. 
__-b. ~-Unit shearing strength (cohesion) of rock in powerplant area = 300 psi psi. , 
Concrete on rock was taken = 100 — 
Gr Cc. Bond strength in tension between ‘concrete and rock equal to 70 psi. n | 


- skips per sq ft without earthquake and 100 kips per sq ft with earthquake. “goa, 


Zz ’ “Design Criteria for Concrete Gravity and Arch Dam,” Bur, of Reclamation En- 


neering Monogra ah No. 19 1960, Dept. of the Interior, ee 7 
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= The analysis, defined by the criteria, resulted in | over=— 
turning, shear-friction, and flotation safety factors above the a allowable values _ 
- listed in Table 1. The minimum overturning factor was 1.1, the minimum num 
-shear-friction value was 2.7, and the minimum flotation value was 1. —-. 
_ Substructure.—The substructure of the powerplant was designed for the _ 
foundation pressures and uplift values determined from the stability —— 


ally proportioned onthe basis of shearing values, the amount of 
_ is often determinedfrom shrinkage and volume change computations. To mini- 
mize the amount of steel required, two positive control measures were adopted. 
Placing temperatures were limited to 50° F and construction joints were lo- — 

_ cated to minimize the length of placement. It was found that a carefully planned 

~ construction point sequence contributes more to the elimination of shrinkage 


"cracking in the substructure than extensive reinforcement. _ Et mal 

Intermediate Structure .—The intermediate structure of the powerplant ex- 
tends from El. 3124. 75 to El. 3188. .50 (Figs. 7, 8, and 9). Its analysis was di- 
vided into two parts. . Part I consists of the downstream gallery system ex- 
_ tending between unit bay crosswalls. Part II consists of the upstream gallery 

_ system extending between unit bay crosswalls. T The framing for the downstream 

im _ gallery system is designed to resist maximum tailwater, dead and live loads 
_ from the mechanical andelectrical equipment, temperature change, and earth- 

: quake. The upstream gallery system is similar except that the backfill to El. 
- 3157 replaces the afterbay water load. _ A three-dimensional analysis of these 


a framing systems was made using a modified trial load analysis. The applied — a 
loads were divided between a grid of the principal horizontal and vertical ele- -¥ ’ 


ments of the structure that maintained continuity « of the elements. Major hori- 


zontal elements consisted of the floors and major vertical elements consisted — 
of piers and columns. The effects of shearing deformations and yielding at 
: supports — as well as variable sections were included. Instead of utilizing the 7 
trial process often used in the trial load analysis, the solution of load distri- 
- bution was determined by use of a system of simultaneous equations set up for 
The transformer deck design “presented a difficult ‘problem in that clear-— 
ance requirements required this area to be framed as a flat slab. Due to the 7 
_- support conditions, the large openings required for ir the isolated phase 
_ bus, and the heavy concentrated wheel loads of the transformers, an electronic 
data processing machine analysis was againusedto savetime andpermit more 
accurate results. ‘The analysis was is performed by : a new hatter using a load 7 
The applied 
3 load ona transformer deck was divided between a grid of sample structural 
elements replacing the slab and adjusted in a manner to maintain continuity of i 
deflection in one direction. Instead of accomplishing this by “trial,” proper- 
; ties of the unit-distributed loads were first computed, and then a system of 
linear simultaneous equations was set up for solution by the high speed com- E _ ; 
puter. | A portion of the basic data computations was also ‘programmed for -f§f 
computer solution. These computer programs are general, that is, they are 7 : 
_ applicable for solution of future structural elements of the same type. : 
_ Superstructure. —The superstructure of the powerplant isa structural steel 
frame with concrete walls and lightweight precast concrete roof slabs. The - 
; principal structural members of the superstructure are welded built - -up rigid = 


frame steel bents, | welded steel crane crane 
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POWERPLANT 
Funway girders carrying two 300-ton as continuous | 
over the supports. Rocker plates welded directly to the bottom flanges of the §& 
crane girders transmit the crane load reactions onto cap plates at each column. s ; 
The following are special points of interest about the powerplant superstruc- tf 


. The. outside steel are cupened, the concrete walls 


: The contractor was given the option of using precast concrete walls o or 


cast-in-place concrete, elected to use the latter. 
parts ofthe structure adjacent tothe canyon wall have cast-in- -place 
roof slabs as a protection against falling rocks. 
- % The control area is a two-story steel frame structure over the the power- 


plant roof above two of the | generator bays. 

‘The roof of the machine shop and service bay ac adjacent to the left abutment. 


is designed for a in-place concrete to better resist impact from falling de- 
_ bris (Fig. 10). In addition, a debris trap has been located along the left abut- 
ment between Bon rock and the service bay and machine shop structures to Pa 
contain the majority of falling or spalling rock. No provision was made along : 
ae right abutment for this contingency because the roof of the unit bay is ata 
og greater distance from the abutment. The remainder of the roof over the bays 
is composed of precast concrete slabs covered with built- -up roofing. A sum-— 
of the loads and unit stresses is given in Fig. 
_ Second Stage Concrete.—The second stage concrete utilized for encasing the 
turbine scroll case and supporting the generator will be installed under the 
 aetaiatias contract for the powerplant. The two essential parts of the design 
_ are confined to the turbine encasement and the generator supports. The tur- i 
_ bine scroll case will be embedded under normal operating pressures, and the a 
_ concrete encasing the turbine will be reinforced for the water-hammer pres- 4 
— The generator foundation ral will transmit the vertical loads to the sup- 4 
Lateral loads from braking, short- -circuit 
) and ‘synchronizing torque ‘will be resisted by shear and bearing in the 


ARCHITECTURAL DESIGN 


| 


“stream: «a of the machine shop are to be formed with Tongue and Groove 

_ sheathing. Concrete wall surfaces of the unit bays, the west wall of the ma-_ 

_ chine shop, and the upstream wall of the service bay will be formed with ply- : 
wood form material. The plywood panels will be approximately 10 ft long by — 
4 ft high and placed to provide a stacked pattern in the finished concrete sur- 

_ faces. Plywood panels will be butted together and thus provide a subdued joint 


Fixed metal windows, extending from column to column, are placed directly 
Y “below the roof eaves: of the unit bay, machine | shop, and service bay walls. The 


between the | exposed steel column flanges, and the Tongue and Groove formed 


| 
&g 
q 
| 
g ‘The exterior architectural treatment of the powerplant is composed of con-— _ 
surfaces, exposed flanges of structural steel columns, and metal window 
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bays. The floor (EL. 3244. 12) at. the ‘unit bay roof level will house ‘ee 

q - cable spreading room, offices for eporeting personnel, and visitors’ facilitie . 
An observation deck is provided at the roof level of unit bay 3 Ras 

—_— top floor (El. 3256.62) will house the control room, additional offices — y 
for operating personnel, and visitors’ facilities. For the benefit of visitors, 

the front wall of the control room will be constructed of a tubular metal frame — 

glazed with plate glass. The ceiling | of the control room will be suspended 


= luminous plastic with lighting above. A visitors’ walkway surrounding the of- 


het space on three sides will afford splendid views downstream, toward the 
left abutment, and the downstream face of the dam. 

———— areas of the two foregoing floors will be enclosed with metal 
window walls, and suspended metal (with fiber glass) will be used for the ceil- ; 


> —* ~~ 7-2 


Ppo2 
— 
— 
4 
3244/4 
= | 3244.14 | 
— 
carey _ concrete surfaces of the machine shop and cable and elevator tower, will pro- _ a 
> 
. 
a 
rar in the metal window walls. Movable metal partitions will be used to divide the — 
areas. Visitors’ walkways will have protective glazed railingsconstruc- __ 
ted of tubular metal frames, metal panels. and safety glass. 


~GANTRY CRANE - 10 TON C POWER TRANSFORMER?+| O-CABLE REEL+# 
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4 ‘Concrete: 8006 psi af doys) Min for exterior members. 
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to areas of restraint. 


Lo LOADS AN AND UNIT STRESSES 

The floor in the control room will be of rubber tile, and asphalt tile. will be 

_ usedinthe office areas and the enclosed public areas. Exterior visitors’ walk- . 
_ ways and public areas will have a concrete floor finish. ee. as 

> —_— £ present, it is contemplated that visitors touring through the , powerplant | 

m will leave the roadway of the dam by the elevator in Block 17 and descend to 
El. 3187.50, thence through the adit to the downstream face of the dam. (Pro- 
visions have been made in the visitors’ adits for the use of architectural finish 
on the floor andwalls.) The dam and the powerplant are connected by two cov- 


Entrance tothe powerplant from the walkway is providedin unit bay lat 

3188.50, the balcony floor, that is 20 ft above the generator floor. From this 
_ point an unobstructed view may _be had covering the entrie length of the unit 

_ Entering the e cable and eaten tower at El. 3188. 50 the visitor ascends by | 

elevator tothe control room floor (El. 3256.62) where he may view the control be 

‘room 2 and enjoy the vistas that are available from the visitors’ walkways. — 

; Comfort facilities ; are provided i in the cable and elevator tower. Here again 


a vision is made for architectural finish on enead and walls, 


PO2 = 7 -POWERPLANT 
[EQUIPMENT WEIGHT | 
TEMPERATURE REINFORCEMENT al 
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: From the control. room floor the visitor may descend by elevator or stair . 

i to the cable spreading room floor and the adjoining observation deck. 
ia Returning to El. 3188.50 the visitor is conducted along the balcony adjacent 
a to the downstream wall of the powerplant to the service bay area. . Exit from 

| es the powerplant is provided in unit bay 8 (El. 3188.50), where a covered walk- 

a way extends to the downstream face of the dam. Proceeding through the adit 
in the dam to the elevator the visitor ascends to the roadway o of the d dam to 


i? The writer acknowledges the assistance of the following members of his 


staff in the es of this paper: H. A. Bennet, WwW. H. Wolf, H. Pringle, 
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the American Society of Civil Engineers 


RESEARCH ON FISH LADDERS 


=, 


aa Corps of Ex Engineers has been continuously ome in the design, con- | 
_ struction, , and operation of fish passage facilities at major multipurpose water 

_ resource projects on the Columbia River for the past 25 yr. At the present 
time (1961) the Corps operates major fish passage installations at three large | 


‘projects, has two more installations under construction and several othersin | 
_ Various stages of planning. This paper provides a resume of the more won. 
icant fishery and hydraulic model studies that were conducted in developing the 

: fish ladder facilities for these projects and summarizes the important opera- 
tional studies conducted to determine the most efficient method of operating — 
‘these facilities. To determine the responses of fish to the various hydraulic | 
conditions that may be encountered for hydraulic model Studies emphasis is 


be further assured that design will provide the ear Fay conditions desired 

and that operational studies v will make certain that the facilities are operated 

“in a manner to provide the best conditions for fish passage within their design — 
ay. 


‘The problem of fish or over a or other to fish migration 
is not new. Fishways have been built in connection with dams in Europe for 


ys Note.—Discussion open until December 1, 1961. To extend the closing date a 
- a written request must be filed with the Executive Secretary, ASCE. This paper » 
is part of the copyrighted Journal of the Power Division, Proceedings of the American 
of Civil Engineers, Vol. 87, No. PO 2, July, 1961. 
_ 1 Chf., Fish and Wildlife Sect., U. Ss. . Army Engr. Dist., Walla Walla, Corps of Engrs., 
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July, 1961 


several years. Early inthis century G. Denil of Brussels, Belgium be- 
gan a series of extensive observations and hydraulic measurements on small-_ 
scale models and compared them with actual fishways. From these studies he _ 

_ developed a fish ladder design now referred to as the Denil type fishway. “His | is 
later research was primarily concentrated on the refinement of this specific — : 4 
design. Denil conducted numerous experiments on the hydraulics of fish lad- 

ders, the nature ; and “magnitude of resistance encountered by fish in various 

i _ types of ladders, and the ability of fish to overcome these resistances. i 


> The principles developed by Denil were further investigated by the Com- 


“mittee on Fish Passes, British Institution of Civil Engineers at the Imperial 
College of Science and Technology. They made extensive hydraulic model stud- — 
ies on various fish ladder designs then in use throughout Europe. _Taeir inves- 7 

tigations were directed toward determining the dimensions and general 
rangement of a fish ladder to provide efficiency as wellas economy.  ~— 
; a The advent of major water resource development projects on the Columbia 7 
River about 30 yr ago placed new emphasis on the importance of fish ladders — 
7 fish ladder design. In 1933 the Corps of Engineers was assigned the re- Z 
sponsibility for design and construction of Bonneville | Dam on the lower Co- 
bs lumbia River,a stream supporting large runs of anadromous fish. Because the > 
inf preservation of these runs was deemed essential to the economy of the region, | 
fish passage facilities had to be developed that would be capable of passing fish _ 
. of greater magnitude and on a larger river than had ever been encountered 7 
before. An engineer-biologist team composed of personnel from the Federal 
g State fishery agencies and the Corps of Engineers applied the meager — 
mowiede then available to the task of designing suitable fish passing facilities. 7 


‘They found it necessary to rely heavily on the “judgment factor” when deter- 
ee criteria for design of hydraulic conditions associated with fishways. 
Although the responses | of fish tothe various structures being plannedcould not 
be studied on a prototype facility, hydraulic model studies, when interpretedin 
the light of known responses and reactions of migratory fish, were found to | 
lie important information regarding the success or failure’ of a proposed 
en Considering the limited basic data that was available at the time of design — 
———— the reactions of fish to various hydraulic conditions, the fishways 


= 


at Bonneville Dam have | proven 1 most successful. With minor modifications and 4 
_ operational adjustments within the flexibility provided for in the design, these 7 
‘same facilities are operating successfully today. 
| 7 In 1945 the Corps of Engineers was given the responsibility for the ‘ino. 
and construction of McNary Dam, another major project located on apa Colum- 
_ bia River approximately 150 miles upstream from Bonneville Dam. This pro- — 
_ ject also transected the magration route of anadromous fish runs in the river. _ 

- Because the basic fish passage problems at the two projects were similar, the 
design of fishways for McNary Dam was based on the Bonneville installation © 
with modifications provided to improve operating conditions. As little basic 

research concerning fish ladder requirements had been conducted during the > 
4 intervening period, , few proven criteria were available other than the apparent — 
&g 4 success at Bonneville. Because the efficiency of the over- -all facility or its — 
™ = component parts had not been evaluated, the need for many of the design fea- | 
tures and the requirements for improvement of design unknowns. 


: 
— 
4 
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= 
‘ 
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; 
4 
- 
factor” in developing the fish facilities for McNary Dam. 
— 


probable effects of the various structures on fish magrations in order to re- _ 


duce the need for, or to provide guidance in, “judgment” application. Currents | 
in the river adjacent tothe fishway entrances, flow conditions within theladder _ 
structures, and pressures and velocities within the auxiliary water supply con- 
; duits, were of particular interest. The results of these studies assisted mate-_ 
rially in the positioning of the entrances in relationto river flows, in alignment _ 
= of downstream structures in relation to the outflow from the powerhouse units 
and spillway, in alleviating concern that fingerlings would be injured while | 
= passing through the auxiliary water conduit system, and in indicating the need — 
for additional excavation downstream from the project to provide satisfactory _ 
conditions leading to the fishway entrances. 
_ The absence of definite criteria or standards for use in most phases of fish = 
facility design prompted the Corps of Engineers to i initiate a program of. ich a 


-eries research in 1951. basic goal was the assurance that the facilities 
at new were and for the ‘purpose in- 


_ the design of fish facilities for McNary Dam (Fig. 1) it was the tet 
that operational studies would be conducted to determine the combination = 
entrance conditions that would provide the least interference to fish saan. 
Provisions were made in the design to allow a wide flexibility in the operation — 
of these facilities. Subsequent to construction, studies were developed to test | 
tee various methods of operation, with prime consideration | being given to ef- : 
A use of supplemental water, 
Usage by Fish of the Various Fishway Entrances .—After the permanent fish 
~ collection facilities at McNary Dam were placed in operation, studies were 
made to obtain information concerning the relative use made by fishof the var- _ 
ious entrances.2,3 Fish counts were obtained at temporary counting stations — 
ery at strategic locations in the system. ¥ An analysis of these counts = 
cated that the entrances across the downstream face of the powerhouse collect 


near the center of the powerhouse collected few fish; and the number of fish 


ed five times as many fish as the large south shore entrance; the entrances | 4 


entering the large entrance between the powerhouse and the ‘spillway (non- 
overflow entrance) was negligible even during periods of no spill. 
‘The information developed from this ‘study | indicates that fishway bool 


leading to the powerhouse collection system and de-emphasize the importance 
_ of the so-called major entrances located at either end of the powerhouse. The 
design of facilities for projects now under construction are based on these 
findings. In recognition of the importance of entrance conditions, extensive 
model studies have been conducted to evaluate specific problems. The model 
studies not only provide guidance in achieving improved fish attraction condi- — 
tions but also have demonstrated means of conserving attraction water, 


7 “Travel Rate of Chinook Salmon i in 1 Oregon Fish Ladder a at McNary Dam,” U. S. 7 
Army Engr. Dist., Corps of Engrs., Walla Walla, Wash. __ 
* “Fish ee of Collection Facilities at McNary Dam,” U. S. Army Engr. Dist., 


7 a 7 Extensive model investigations were conducted in an effort to determine the _ 
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McNary South Fish Entrance.—At McNary, , considerable study h has been ce: cen-_ 
tered around the entrance conditions present at the south shore immediately 
pe downstream from the powerhouse ( Fig. 2). In ‘this area the design provided — 
for three overflow entrance weirs per power unit located across the down- -— 


F J stream face of the powerhouse, each having an attraction flow of 60 cfs. Along | 


the shore immediately ¢ downstream from the powerhouse, a major fish entrance 
consisting of two bays each 15 ft in width was" . provided. The flow from this 
4 entrance entered the river at an angle of 60° to the tailrace flow. It was de- 
_ signed to discharge a large quantity of water that would readily attract fish in- 
As information became available onthe responses of fish to flow conditions, | 7 
a ’. the need fora major entrance adjacent to the powerhouse collection “system 
" i. 4 was questioned. A number of experiments were planned to evaluate the influ- 
D ence of this entrance in attracting and passing fish over the dam.4,5 Each ex- ~ 
y periment consisted of operating the fish facilities at the dam for a given period 
ea of time with the south entrance open, followed by a similar period with the en- 
—_ trance closed. _ ‘Fish passing through the ladders were recorded for all test 
periods. - These cyclic operations were conducted during the fish migration 
seasons of 1955, 1957, and 1958. A detailed statistical analysis of the data ir 
"dicated that the elimination of the south shore entrance had no significant as 


fect on passage of fish atthe project, 


Rate of Fish Travel in Fish Ladder. —Another item concerning fish passage 
that was investigated at McNary Dam was a determination of the time a 
for fish to travel through the fish ladders. Basic data was collected by count- 
4 ing all fish passing selected fixed weirs, as well as at the counting station at 
the upper end of the ladder. An analysis of these counts indicated that the av- . 
erage time fish required to move through each ladder pool was 2.6 min and 2. . 


min for spring chinook and blueback salmon, respectively. rr eo a 


ey In addition to travel time information, fish were found to stop moving into 
the ladder andat the counting station at the upper end of the ladder immediately 
after dark. However, those fish already started up the ladder did not stay in 
the pools. during the night but continued up the ladder until slack water was en- 

countered immediately below the counting station. These fish moved through 
counting station at daybreak the following morning. = 
od Very few “dropbacks” or fish moving downstream were recorded during © 
ro: tests, thus giving support to the theory that swimming through a McNary > 
type ladder is only a mild exercise for 
Submerged Orifice Entrance. .—In 1948, Corps of Engineers personnel devel- ‘ 
oped considerable evidence that entrances equipped with submerged orifices _ 

_in the powerhouse collection system at Bonneville Dam were more effective in | 

collecting fish than were entrances with overflow weirs. During 1952 and 1954, 
a series of studies was conducted to determine, under prototype conditions, the 
relative efficiency of a submerged orifice entrance as compared withan over- — 


flow entrance utilizing the same quantity o of water. | The 1952 experiments - 


- 4 “The Influence of the South Shore Entrance on the Oregon Shore Fish Collection 
f System in Passing Fish Over McNary Dam,” by Frederick K. Cramer, Berton M. Mac- — 
, Lean, and Frederick A. Davidson, U.S. Army Engr. Dist., Corps of Engrs., Walla Walla, — 
cs “Supplementary Report on the Influence of the South Shore Entrance on the Oregon 
_ Shore Fish Collection System in Passing Fish Over McNary Dam,” by Frederick K. 
Cramer, Berton M. MacLean, and Raymond C. Oligher, U.S. aaa — Dist., Corps 
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The resulting data indicated that a submerged orifice set from 2 ft to 8 ft 
below tail water elevation provided the most ; attractive entrance c condition.6 
a Based on the results of these studies, the powerhouse collecting system | en- 7 

trances at McNary and Dalles Dams were changed from overflow to submerged 
orifice operation, ' The design for similar entrances at projects now under con- - 


comparison of efficiency of orifices at various depths of submergence. 


struction pee provisions for submerged orifices in self- —_— buoyant | 
FISH LADDER LABORATORY AND MODEL STUDIES 
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and of migrating fish under a wide variety of situations. 


of Commercial Fisheries under contract to the Corps of Engineers. ‘Highly 
- significant progress has been made in several important categories of the fish- 
a _ Fishway Capacity Studies .—Probably the most important items of research 
- undertaken to date are studies to determine how many fish will pass through a 
= fish ladder of a specific design. Examination n of data collected on rates of 
movement shows that, although rates vary with species and time of year, = 
is considerable consistency in the average rates of movement under a wide 
range of experimental conditions. During one specific experiment, 
were passed through a 1 on 16 slope fishway only 4 ft wide at a rate of 3,000 
“fish per hr without any indication that passage capacity | had been reached. 6, a 


ders have been built with slopes. ranging from 1 on 10 to 1¢ on 20. As far as | 


can be determined by observations, all of these ladders are providing satis = 
passage for fish. Some biologists were of the | opinion: that fish use 
more energy in climbing aladder of 1 on 10 slope than one witha slope of 1 on : 
20, If this premise were correct, fish, in passing several dams, might require 
= additional energy to adversely affect their ability to complete the spawn- 
4 ing process. This factor and the monetary savings that would be realized by 
_ using the steeper slope design prompted a ‘Study to evaluate the ee of 


_ Initially, two short 11.5-ft- -wide fish ladders were re constructed, one with a 


the performance of salmonoids in these fish ladders indicated a faster rate of 


passage in the steeper slope ladder. 


_ Additional experiments were undertaken using a pair of “endless” fis fish | lad- . 
7 ders with slopes of 1 on 8 and 1on 16. Each ladder was 3 ft wide and consisted | 


of 16 pools. The _— and lowest pone’ were “connected by a fish lock, thus 


= 


‘Div., North Pacific, Corps of Engrs., Portland, Oreg., 1960. 
eee “Fishway Research at the Fisheries - Engineering Research Laboratory,” | U. Ss. - 


‘Fish Service,  Ctroular No. 98, (1961. 


costing more than $500, 000 was constructed ‘to study the 
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 gisted of comparing the operation of a shallow submerged orifice with:< 
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_ FISH LADDERS 
making a circuit. As the fish reached the top pool, they» were rapidly 
~ lowered to the bottom pool, there to begin the ascent again. By continuing this 
_ procedure, a fish ladder of any desired length could be simulated. Most fish 
ber wer tested with a climb ) of approximately 1 100 pools, , although ; al limited num- 
allowed to climb over 1,000 pools. blueback swam through 6,600 
— before the test was terminated. . This constituted a vertical height of over 7 


_ With performance as the main basis of comparison, the results of these ex- Ly 
_ periments indicate differences in patterns and rates of movement. However, , 
no evidence of fatigue was found in fish using either fish ladder. Biochemical — 
‘indices of fatigue such as lactate levels and inorganic phosphates of the blood FE ! 
were also used as a check on the performance methods of comparison. It was ” 
~ concluded that ascent in a properly designed fish ladder was only a ‘moderate 
_ exercise for fish; the steeper 1 on 8 slope fish ladder was equally efficient — 
_ and suitable for passage of salmonoids as the 1 on 16 slope, providing proper = 
hydraulic | conditions are obtained; ; the rate of climb in a 1 on 8 ‘slope fish lad- 


der of prayer hydraulic ry is approximately the same as in the 1 on 16 


iy 


the number of fish present. 

ee. Based on these results, and taking into consideration that the studies were 

_ performed on a ladder 3 ft in width with solid overflow weirs, the Walla Walla — iy 
District initiated hydraulic model studies | on a fish ladder (16 ft in width witha 


— 


j _— were equal to or : better than those in a fish ladder with a slope of 1 on 16 and 
_ conventional overflow weirs with two: submerged orifices in each weir. = 


7 4 Immediately there developed the problem of how to compare or evaluate the 
“4 hydraulic conditions in separate pools. The two items considered oral 


“Su 


: availability of suitable r resting areas within the pools. Percentage of total wa- 
_ ter volume having velocities of 1 fps or less was accosted as a basis for com- 
Beene of ladders, provided | that suitable le flow conditions from the « orifice jets” 4 
~ _ The objective was to develop hydraulic conditions within ‘the ladder pools — 
equal to or better then those present in a ladder in which satisfactory fish pass- 
: age was known. . Hydraulic model data for a 1on 16 slope fish ladder with over- » 
flow weirs having 2 orifices in each weir was used as a base for comparative _ 
purposes. A reduction of the length of the overflow weir crest andappropriate 
sizing of the orifices were found necessary if conditions within the pool of the — 
. on 10 slope ladder were to provide the required percentage of low velocity — 
area. Several trials were run using various lengths and positions of the block- 
ed-out weir section. The position of the orifice in relation tothe overflow weir 
section was found to be an important factor. The combination that appeared to 
have most promise included 5-ft-wide overflow sections along each ladder 
wall; a 6-ft- -wide non- -overflow section located in the center of the weir; and — 
7 two 18-in.-sq orifices flush with the floor r one located at each end of the weir ; 
with center line 3 ft from the ladder wall.° To stabilize the flow pattern of the 
- jets emerging from the orifices, two vertical extensions” or fins were installed 
“Ice Harbor ‘Dam Fishway Model Studies,” Bonneville Hydr. Lab., U. S. Army 
_ Engr. Dist., Corps of Engrs., Portland, Oreg. Unpublished. edad 
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pete This plan was the basis for design of the north shore fish ladder at Ice Har- 
_ bor Dam on the Snake River (Fig. 3). In order that it could be used for future © 
_- of a prototype ladder of reduced width, effort was made to obtain sym- 
- metrical flow conditions in the pools. This allowed the inclusion of a divider _ 
_ wall down the center of the ladder, making in effect two ladders, each 8 ft in ¢g 
Subsequent to design, 6 pools of this ladder were built to full scale in the ; 
a “4 “fisheries laboratory and | tested during the fish runs of 1960. The facility oper-— a . 
ver: very ‘successfully. The average time required for fish to travel through 
the pools was not materially different from other ladders tested. Performance — 
of fish | was found to be substantially the same in the 8-ft-wide ladder (divided) 
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7 of operation of the fish ladders at Ice Harbor Dam. 


4 of fish ladders for John Day Dam are now in progress. eet Wis 


Attraction. - — Another item of major importance to fishway design in- = 
y 


vestigated under the Corps’ ' fishery ‘research ‘program was the water velocity — 
most suitable for a fishway € entrance. Two criteria were utilized in the exper- 
mentation: the ‘swimming ability of ‘fish and the a of fish to choice + 


th, in ‘which water velocities could be varied, was wed as a — device. 
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definite in performance was found both with respect to 


and also with respect to size within a species. Large fish of the same species 
were found more capable of superior performance than small fish. Maximum 


head trout and 22.1 fps” 3 for chinook salmon “when “measured o over a distance of 
30 ft.7 These species registered approximately equal median rates of move- 
‘Two entrances, each 5 ft in width and utilizing different velocity rates through 
Bi 3 — entrance, were used to test the fish in the choice of velocity experiments. 


_ Fish were allowed to choose between a high and a low velocity flow. In every : ; 


bs case a greater percentage of the fish tested entered the channel of higher ve- a 


locity flow. This choice prevailed even under conditions in which fish could y : 


s negotiate ‘the channel for any appreciable distance after entry. Many fish 
that were swept back after failing to pass through the flume | selected the higher q 

i Fish Ladder Water Control.—Another critical item in fish ladder design in 4 

7 4 which hydraulic models have played an important role is the method for wa- _ 
“ter control at the upper end of the ladder. A fish ladder requires a constant | 
‘quantity of water if the desired hydraulic conditions within the ladder are to be = 
maintained. When the upper end of a fish ladder terminates in a fluctuating 


ae some means of controlling the quantity of water entering the fish 4 ; 


ladder and a means of providing suitable ladder pool conditions as the forebay 
fluctuates must be provided. . At Bonneville Dam the forebay may fluctuate as 
much as 10 ft. In the original design, flow | control was maintained by means of | a 
a regulating gate at the upper end of the ladder. Continuation of pool steps a | 
_ provided by means of removable stop-] log” weirs. As the reservoir fluctuated, 


is ladder pools © were added or deleted by insertion or removal « of these stop- log 
: Ez 9 This proved to be a cumbersome procedure with the hydraulic condi- _ 
S . tions within the ladder pools constantly changing. The upper weirs were mod-— ; 
ified to orifice bulkheads that provided suitable control for minor forebay fluc : 
ze Having staan the operational problems associated with the Bonneville _ 
: design, the Corps developed a series of automatically operated tilting weirs 
for the McNary Project to provide the necessary continuation of the pool steps 
a and a regulating weir to provide | the pg —,* control of the flow for 
the varying reservoir elevations (Fig. 4).1 _ The regulating and tilting weirs” 
tenn as a unit to provide the desired vet conditions. The tilting weirs are 
_— at the bottom and may be rotated through an arc of 90°, horizontal to to ; 
vertical. The most significant features of this system are that it provides ade- 


voir elevation. As the reservoir level fluctuates, the regulating weir moves 


to retain its same respective depth below the pool; ‘and each upstream ‘tilting 
weir, in turn, also moves to retain a uniform differential between each — 


quate control of the flow and operates automatically for all changes in reser- _ 


“ Although the tilting weir method of control at the / upper end of McNary Dam > 


h the tiltiz 

: fish ladders operated most successfully, it was expensive and required con- | 

. siderable attention and maintenance. In considering the facilities for Ice a 


bor Dam, the / Corps investigated the possibility of developing a control section — 


“Information Bulletin, Fish Passage | Facilities, Bonneville Dam,” Report | No. 66- 


., U. S. Army Engr. Dist., Corps of Engrs. , Portland, Oreg., ,1960, 


S. Army Engr. Dist., Corps of Engrs., Portland, Oreg.,1958. = —te 
me Fish Facilities for McNary Dam,” Technical Report No. 30-1, Bonneville Hydr. 
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aif 
consisting of a series of non-overflow submerged orifice weirs. An extensive - 
= study was conducted to determine the length of pools and size and ar-— 
within the pools. 8 The final design of this orifice control section includes a 
series of transverse bulkheads, each equipped with two orifices (Fig. 5). As 
the pool fluctuates, the flow through this section varies. The drop at each bulk- -_ 
varies . The of water to up the required 


— Unseating swice 3'-0" from wall-each 


ater surfaces: 


= 


7 ladder flow is added by means of an automatically ¢ controlled sluice g gate. e. The 
water from this ae enters the | ladder floor immediately below w the control 


= “The of fishery research conducted or sponsored by the Corps of En- 


_ gineers have been most gratifying. _ Considerable improvement in operational 


and 


q efficiency has been made, and several millions of dollars have been saved 


_: fishways at projects now under construction by the saa and other public 


rangement of orifices required to provide the desired hydraulic — 


| 
a 
| 
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FIG. 5.~ICE HARBOR DAM FISH LADDER CONTROL SECTION 
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ry! indicates that a closely coordinated program encompassing fishery research 
and hydraulic studies, using both prototype and model facilities, is not only 
_ desirable but essential indeveloping improvements in operation and economics — 
7 in design of fish ladders and appurtenant facilities. Each species of fish has 
its ov own particular characteristics and abilities. Fishway design must take 
_ these factors into consideration if efficient designs are to be obtained. Con-— 
S tinued expansion in water resource development will require an accelerated | 


The construction and operating agencies not only have the 
3 to provide good fish passage facilities but t also to operate > these facilities ina 
manner that will economically provide the best fish passage conditions \ within 
the capability of their design. To discharge this responsibility, extensive fish- 7 ; 
_ ery and hydraulic research will be required not only for design ‘purposes but 
4 also for determination of the best methods of operation. The vast experience 
_ being obtained by the Corps of Engineers in this field will | prove most valuable > 
to other agencies a as } they undertake the mp of efficiently providing and oper- 
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a complete river by one “company for hydroelectric 
power production is Construction is ‘underway (in 1961) on the 
‘ Coosa River in Alabama, and the development program is coordinated with an a 
act of the Congress of the United States authorizingthe work with the inclusion _ 
q of certain required provisions for flood control and future navigation. 
__In 1957 the Federal Power Commission (FPC) issued a single license pro- 
viding for the construction of five projects that must be completed within a ’ 2 
 -10- yr period, This paper presents a history and description of the Alabama ~ 
Power Company, the basic studies made within the basin area leading to the © 
development of final plans, brief statistics for all present and proposed power 
a plants on this river, general ‘design criterion, and the present status and mag- 
_ nitude of construction operations. 


4 
i 


— 


On the 28th of 1954, D. Eisenhower signed a bill that became 

| Public Law 436 of the Eighty-third Congress. This law authorized the Ala- 
bama Power Company to develop the Coosa River. Prior to this time, the 

- Corpso of Engineers had been authorized to develop this river for flood control, 

navigation, and power by the Rivers and Harbors Act of March, 1945, Public» 

__Note.—Discussion open until December 1, 1961. To extend the closing date | 8 
month, a written request must be filed with the Executive Secretary, ASCE. This paper — 


Society of Civil Engineers, Vol. 87, No. PO2, July, 1961. = = 
ee Presented at the March, 1960 ASCE Convention at New Orleans, La. | 
1 Senior Engr., Engrg. Dept., Alabama Power Co., Birmingham, Ala. 2 
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a4 Law 436 removed the power feature of the 1945 act and — ne a part-_ 
nership endeavor; the company is to economically develop electric power by 
- series of dams inaccordance with the conditions of a license, if issued, pur- 
guant to the Federal Power Act, and the would develop the other 
= This law requires the development substantially in accordance with theCorps 
of] Engineers’ plans. It establishes a reasonable time limit for completing the _ 
entire development and sets up “recapture” provisions for non- n-fulfillment of 
oa conditions. No provision w: was made for government financial assistance for _ 


construction of the projects, 


prise act providing for tl the development of the Coosa River by private enter- . 


prise has certain pertinent points that are incorporated in one — Power 


COOSA RIVER E BASIN 


_ The Coosa River is 286 miles long and. is. a part of a major drainage  SyS- 
tem in the Southeastern United States, It is formed at Rome, Georgia, by the : 
junction of two northwest Georgia streams and extends through north central 
a location n near the city of Montgomery,  Ala., it joins the 


A - Alabama and empties into the Gulf of Mexico at Mobile, Ala. tes Fig. 
' ofl The Coosa River has a total fall of approximately 450 ft. Of this total, 230 
> ft in the lower 70 mile reach had previously been developed by the | company > "] 
| with three plants constructed 35 yr to45 yr ago. Its average flow is 16,000 cfs 
i 4 _ with a record peak discharge of 298,000 cfs at Wetumpka, Ala, near its mouth, 7 7 
The drainage area of the Coosa basin is approximately 10,300 sq miles. It 
. is located in an area of moderate climate with an average annual rainfall of 
bo 53 in, The basin lies in the southern foothills of the Appalachian mountains : 
Hie and its | gradient is quite uniform and without extensive erosion. 7 Geologically, — 
_ the area has extensive faulting with sandstone and limestone predominating. — 
_ Shales are prevalent throughout the valley and the Coosa coal field, not eco- 
_ nomically productive, parallels the central valley. Ih general, foundation con- 


ditions are excellent for any type of concrete or earth structures, = ~~ 
— a 


Size and Load on ow rth. —The Alabama Power Company, with its main office 
in Birmingham, Ala., has an operating area that covers most of the state of 
Alabama. The company was organized in 1906 to generate electricity by means 


of water power, = in 1 its early development several dam sites were acquired 


Presently the company has a . total of thirteen existing power plants, six _ 
“a which are hydro; however, approximately 80% of the total kilowatt hours: 


ae add approximately 425, 000 kwof hydro capacity to the company’s ’s “system, ‘which 
at the beginning of 1960, consisted of 489, 700 kw of hydro power ; and 1,436,250 © 
Industrial growth an and new uses for r electrical energy since World War < 
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1961 


. The of this capacity will come from fired 


generating units. After two > new steam plants had been built and addi- 

Ay sources of hydroelectric power. The location of the Coosa River was 

_ such that its entire power potential could be readily absorbed within the com- iy 

Paw pany’s” system, ; as it is located inclose proximity to rapidly growing industrial _ 

a areas. The generally increasing costs of fuel, both coal and gas, also make it © 

. ae Early River History. —The development of the Coosa River has been under ae a 

consideration since 1870. Under various congressional authorizations, six 

government projects for navigation had been completed on the Coosa River a 

Sete, The continued operation was not justified and in 1920 the Chief of Zo 

gineers reported to the Secretary of War his opinion that the whole existing 

: ne project should be abandoned, due to lack of commercial use, The upper reach > ee 


poy there were paddle wheelers operating on the Alabama River ae 
| b Mobile to the rapids at Wetumpka, on the Coosa River. One of the reasons for — 
the organization and founding of the Alabama Power Company was to further fe 
_ develop the Coosa River for navigation by the construction of private power ‘ 
; Pe dams. The first major power development in Alabama was the construction of ee 
y Bo Lay Dam by the Alabama Power Company, on the Coosa River near Clanton, 
_ The increasing electric power in in Alabama World 


Two more hydro electric plants on the Coosa River were constructed in 
_Mitchell Dam, downstream from Lay Dam, was finished and 


7 a is Recent Planning. —Late in 1953, extensive investigations to develop the best ae 

series of dams for the remaining undeveloped portions of the Coosa River were — 


_ initiated. These studies extended over a period of approximately 4 yr. How- * 
; rs ever, in the latter part of 1955, studies had progressed to such an extent that - 
an application for a license to develop the remainder of the Coosa River was 
to the Federal Power Commission. 
song _ Mapping.— —The undeveloped portion of the Coosa River by a ae- 
| Hal photography with approximately a quarter millionacres mapped under top rine 
contours. These were made with 10-ft contour intervals between 
- Dam and Gadsden, Ala., and 5-ft contour intervals between Gadsden and Rome, — as 
‘ as this portionof the state was less hilly. Pictures were made in March, 1954 _ 

_ by flying at 12,000 ft and 6,000 ft , respectively. The map work was done on a 
scale of 1 in. equal to 4, 000 ft, requiring 84 sheets 27 in.-by-37 in. The ground 
= _ control for mapping was run by the company’s personnel, At least three pic- — 

a ture points per photo were established for elevation. This required some 650 
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"accuracy of the maps was guaranteed to ‘be within one -half of one contour in- 
_ In the interest of time and economy, contours - were not plotted above : 
; established maximums within the ranges of possible reservoir areas and flood : 
flow lines. Field surveys were made of all bridge and utility r river crossings. — 
These maps were very successful and are widely used, Time,” as well as lack — 
’ of experienced personnel for plane table work, did not permit field rs, 7 
an and the maps that were available were not suitable for the company’s use. 4 
Drilling.— —Theg geological and foundation investigations involved drilling over 
3,000 core holes from which some seven miles of cores were obtained. Ap- 
— proximately the same number of auger holes were drilled through the over- — 
burden to determine thickness, nature of material, and the elevation of the rock — 
cd surface throughout the basin. The core holes were drilled to a depth of 75 ft 
= top of rock, although a ‘few holes were drilled about 300 ft deep for a 
better understanding of subsurface characteristics. Drilling was done by con- 
ae tract under the company’s supervision with as many as eight rigs in operation — 
at one time. Representative samples of different core types were subjected | 
to physical and chemical tests for analyses. 
Auger” holes were. drilled with 4in augers in order obtain a a thorough 
4 sampling of the overburden materials and to penetrate to approximately 40- lll 
depths. Selected materials were bagged and sent to a centrally located labo- a8 
ae ratory for size gradation analyses, ‘maximum density, optimum moisture, _ 
permeability tests. Samples from possible borrow pit and earth dike locations 
& also sent to a commercial laboratory for tri-axial shear tests. mo 
mi Geology. —The upper Coosa basin, Rome to below Gadsden, is in very tight — 
i“ shale that contains varying amounts of thin limestone beds. When it is exposed 
& to air for a few hours it disintegrates badly. Several sites were investigated | 
proximity. 
_ The Gadsden- Lock 3 area is | underlain by various shale formations with - 


beds of sandstone; however, the Lock 3 dam ‘Site (temporarily identi- 


a fied by nearness of old government Lock 3 navigation dam) is located on lime- | 


stone that is somewhat cavernous, +3 
ae a For the area from Lock 3 to Lay Reservoir, the Coosa River flows through — 


i. 3 limestone and dolomite area. . This rock is typically cavernous resulting in > ay 


some underground drainage. Some cavities are completely filled with aq 


of clay and sand and others are only partly filled, and some 


_ The lower part of the river system, Lay Reservoir to Wetumpka, is under- 
4 Tain by hard mica schist that contains lenticular quartzite dikes, > Below  Wet~ 

/— umpka the surface of this schist dips to the south beneath younger unconsoli- 

dated clayey sand and gravel of Cretaceous age. a 
¥ _ At some of the more promising dam sites, test grouting was done to —— 


it was necessary that one be located in this region, « 


additional information on the character of the rock, but this did not disclose i 
any unusual or unexpected conditions, The electricalresistivity method of in- 


_vestigating subsurface conditions was tried ina dolomite area in which hich cavities 


¥ 
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were known ‘to exist from prior core drilling; however, the results were not a 


_ Supervision.—The investigative work and general planning was done under ~ 
_ the direction of F.C. Weiss, Vice President, Engineering and Construction, ‘in 
_ Periodic staff meetings were held to discuss the field work and engineering a 
_ planning, with specialists invited from time to time. These / meetings werere- 
4 corded and the tapes have been used to review discussions. Planning was fre-— 


: Sa discussed with various state officials because the scope of this spel oject 


a Exploration Cost.—The Alabama Power Company spent approximately two 7 
million dollars on the preceding exploration endeavors. Although there was no ; . 
_ doubt of the feasibility of developing the entire river, the exploratory work 

Was necessary to assist in determining the most coeneeians method with the the 4 


twenty-seven different plans over a2 yr of time (1954. 
to 1955), a scheme for the most beneficial plan was developed. An application — 
for a Federal Power Commission (FPC) License was filed in Washington, D.C. | 
on December 2,1 1955. Although this application | was pending, studies were con- 2 ig 
tinued and further advanced. On September 4, 1957, the company received a 
50-yr license for the Coosa River Development known as Project No, 2146, 4 
_ This covers four new dams | with power plants and the modification o of an ex- cs 

‘The license requires that the construction sequence of the projects be re- a 

_ lated to their flood control importance, that the first project be started within — _ 


yr, and that all projects’ be completed with initial power installation within a 


10 yr from the beginning of construction of the first project. 
a profile of the Coosa River with the development plan and its relation to 
: _ existing hydro plants is ‘shown in Fig. 3, and a tabulation of the main —- 


14 teristics of these plants is shownin Tablel, 


‘The Weiss Dam project, Fig. 4, is somewhat unusual, The powerhouse is 
located approximately 4 miles away from the spillway. It is connected to the | 
reservoir ‘by a forebay lock and a canal, This takes advantage of the head in 

a a by- passed 20 mile reach of the river. 
The Lock ‘Three, Logan ‘Martin called Kelly Creek), and Wet-_ 
‘umpka Dams are not unusual. The powerhouse will be adjacent to the spillway 

for eachof these projects, and they will resemble the Weiss spillway and pow- 
erhouse in appearance, except for the Logan Martin Project for which advanced 
studies have shown the advantages of changing to an outdoor type powerhouse. 
Lay Dam (Fig. 2) will be raised 14 ft, and a second powerhouse will be con-_ 


sage ‘of the Federal Power ‘Act, so it is nc not under FPC license. The present 
license, however, will now include Lay Dam after it has been modified. Mitchell 
and Jordan dams are both FPC licensed projects. - Planning studies are, of 
course, continuing, looking — additional refinement of the projects still : 
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tors to prepare detailed estimates for a specific project. 
were compensated for their work, and most of them visited the sites. Road 
_ damages were determined for each reservoir through discussions with the var- 

ious County and State road officials. The cost of the completed plan for the q 

new installations listed in Table 1 is approximately 132 million dollars. tne f 

_ Reservoir.—The acquisition of reservoir lands and relocation of facilities — 
their boundaries present the usual problems. policy has been estab- 
lished to purchase land infee to anelevation 1 ft above normal power pool level | 
7 and to purchase flood rights to a higher elevation approximately equivalent to 
oll the 5-yr flood profile. It is not planned to make a detailed land survey of the 

ie except in a few a areas. Relocation or removal of roads, ay 


—PROFILE OF COOSA RIVER 


4 Cooperation.—In preparing euciiieaade plans the Alabama State Board of 
4 Health and the Georgia Department of Health were consulted as well as the 
Fish and Game Commissions of the two states, because the uppermost reser- 
7 _ voir extends into the State of Georgia. An agreement was entered into with the _ 
&§ Sa _ gate the fish and wildlife potentials and develop a resource use plan to make 
| - _ the Weiss (largest) reservoir of maximum recreational benefit. . As plans an 


— Regional Office of the United States Fish & Wildlife Service to investi- A 


- advanced, the regional office of the FPC in Atlanta, Ga., and the district office 
of th the — of in Mobile were kept advised. 


- GENERAL DESIGN CRITERI a 
Introduction .—In order to be consistent ir the design of projects on 
the same river, it was necessary to esta to establish in certain general 


| Cost Estimating.—All cost estimating was done from preliminary plans, To 
— 
"$00 


ditions was developed from studies of several historical storms that conceiv- — 
» ably might occur over the Coosa River basin, The storm of March 11 ‘through 
March 16, 1929, with principal center in the vicinity of Elba, Alabama, was 
- found to have the most critical depth-duration-area relationship. This storm 
4 with its moisture content adjusted to conform with maximum recorded dew- 
4 es temperature was positionedover the Coosa River basin (as shown in Fig. 
5) to yield maximum average depths on drainage areas above the upper three 
of the storm depths to account elevation 


GENERAL PLAN SHOWING DIVERSION 
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._ of inflow barrier and distance inland, baie average depths of rainfall excess over 
m each of the several sub-basins above each dam site were computed assuming 
pi probable minimum rates of infiltration. Hydrographs developed by applying _ 
_ these depths of rainfall excess to unit graphs were routed through various spill- = 
, way sections to obtain the lowest combined cost of dam and spillway at each 
ay _ site. The inflow hydrograph to each reservoir below Weiss dam site was modi- 
- fied to reflect the effects of f upstream storage. The maximum rate of outflow 
3 ‘from: each of the u upper three reservoirs was ‘considerably less than the esti- 
ay natural peak discharge at the respective sites. For dam sites below a 
/ Creek, the | storm repositioned and the procedure repeated, This stor 


storm 


criteria relating to project use, flood control, 
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ces a flow five times than the flood of 


is based on obtaining 95% compaction (modified proctor). An earthquake fac- 
: _ tor of 0.1 g will also be used for all five dams, A rock shear friction test was 

. Fr made at the location of the first dam by a series of concrete blocks ome on 
4 P base rock with loading applied vertically and horizontally by jacks. © 


factor of approximately 13. 5% was established, 
_ _‘The proposed projects will have substantial flood control features that = 
vate industry must incorporate in the development plan to meet 
: vision for future operation by remote control. Similar design and operating 
J features are to be incorporated in all of them, including provision for a public 
= crossing. An economical size spillway gate (40 ft wide-by-38 ft high) a 
has been designed for the Weiss project, and it is planned t touse the same size 
gate at all the new downstream plants. 
; Model Studies.—Hydraulic model tests are made in the University of Ala- 
_ bama’s hydraulic laboratory. For the first dam model tests were run to de- 
\ termine spillway discharge coefficients, the design of a stilling basin apron, 
” possible river bed erosion conditions, and to determine the height of coffer- 
dam required to protect against the flood of record (See Fig. 6). Laboratory 


_ operations will be continued» in connection with the design | of the other dams. 


: 


Contracts. of of the various on the Coosa 


River is to be done by means of several contracts. One large contract will be q 
let for the main structures of each project and several lesser contracts let for 
equipment installation, powerhouse structural erection, 


_ clearing, and so forth. All items of equipment, turbines, generators, pumps, 
= cranes, switchgear, , transformers, and so ovine are purchased directly by the 
: _ company. The power company will set up its own field organization for con= 


struction supervision, inspection, and job accounting. General jon for con 


_ expediting, and cost accounting for all construction projects is handled it the 


os date 10 yr ik later. Fig. 7 shows the construction schedule for the 1¢ 10-yr 


Job Status.—Acontract for the first dam (Weiss Dam) was let in July, 1958, J 
. a joint venture of Morrison- Knudsen Company of Boise, Idaho, and Moss- * at 


_ Thornton Company | of Leeds, Ala. This job consists of moving approximately * 
—-«6.25 million cu yd of earth and rock, pouring = 000 cu yd of concrete and PS 


lll 


— 
produ 
— minimum freeboardof 5 ft. The spillway capacities are reviewed by the Corps ‘ _ 
ree P _ An independent study developed a design storm for the Coosa River basin &§ 
that was essentially the storm described here. 
Stability.—For dam and powerhouse design, an assumption of 100% uplift — 

= 
ly 31, q 
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‘erecting ga gues. and hoists (See Figs. 8 ont 9). All electrical connections an 

pe | the substation will be installed by specialized personnel. A contract for clear- s 


ef ing the 30,000 acre reservoir was let in May, 1959, to the Wade Lahar Com- © j 
pany, Mountain Home, Ark. ‘This first project is to be finished and put “a 


The second project of the development (Logan Martin Dam) was started in iq 
July, 1960 with the first contract let for drilling and grouting a cutoff curtain 
in order to have some of this work well along before a general contract was 
let. A 640 ft section of curtain was completed in 6 months with 280,000 cu ft 
of grout (9 to 1, fly ash-cement) injected into cavities to depths of 250 ft be- 
neath the surface. This was done by the split spacing method of drilling, with 
7 primary holes on 40-ft centers, Although this is the third dam down the river, | ; 


£ —* it hasthe secondgreatest amount of flood control, and the license requires that 


are the river projects be constructed inthe order of flood control benefits. Founda- -§ 
tion exploration in this vicinity has extendedover - approximately a 5-yr period © 7 

in an effort toobtain the least troublesome location in the cavernous limestone | 
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Ag general contract for this. was let in 1960 to the Guy 
= Construction Company of Oklahoma City, Okla. This job consists of 
ao ‘moving approximately 2 2.25 million cu yd of earth and rock, pouring 175,000 cu 

; yd of concrete, and completing the cut-off curtain by | pumping an additional es- 

timated 650,000 cu ft of grout solids. 

‘Field Laboratories. rather ‘complete soils laboratory had been estab- 

lished at the Weiss Dam project and has subsequently been moved to the Logan 5. 

ye Martin project. In addition to the regular laboratory work in connection with — 7 

‘soils: and concrete at this an extensive soil investigation program is 


cig established for the investigation of suitable concrete aggregates for the Logan 4 
Martin Dam. This was done to establish a design mix -_ alternate aggregate : 

Conerete.—The quantity of concrete is not large for individual 

- and it would not be economical to construct aggregate cooling facilities for | F 

weather operation; however, a maximum of 80° F was for = 
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DEVELOPMENT 


‘cooler months. Nighttime placing. of concrete and hosing ‘down the — 
have been used at Weiss Dam with success in the summer. Both 


being secured from one ef the company’s steam plants. 


‘ower will be effectively integrated with the 
company’s existing hydro plants: on the Coosa and Tallapoosa Rivers as well 
as with those plants proposed on the Warrior River. The installed capacity of . 
existing and proposed hydro plants of the the company on the Coosa River will ag- _ 


BY Flood Control.—Inthe reservoir system a total of 850,000 acre-ft of storage 
Ppa is provided for control of floods. Of the total, 75% is always useable, 


The overall project epeeuiiens will be effectively coordinated with the a. - 
me Allatoona reservoir in Georgia constructed by the Corps of Engineers on 


one of the upper basin headwater tributaries, Construction of this series of 
dams will facilitate future developments on the Coosa Rtv er tributaries, and f 


- Inconnection with routing floods through the reservoirs, as well as ordinary 
operation of the project, a comprehensive network of automatic radio stations 4 
for reporting precipitation or stream flow is to be installed, The data re- 
‘ceived will be coordinated with information from the U. S. Weather Bureau, 
‘Dept. of Commerce (USWB), thus securing most effective control of floods and 

use of flows for power generation, The Corps of Engineers and the company 

will jointly prepare an operations procedure that will be used for routing floods 
a throughout the Coosa Valley. This is one of the requirements of the FPC 

During flood periods generating equipment will operate at capacity. —— 7 


B sy of normal stream flow, reservoir releases will be made to —— 


= 


_ will be made, thus supplementing natural flows, meeting p peak load ‘require- 4 

ments of the system, and making best use of available water consistent with 

rules ; and nd regulations of tl the proper 


 Power.—Of course the of the a the 
River by a private corporation is to produce power economically. This, it has Y 
been determined, | can be done. The economics is justified by the furnishing of “4 
peaking capacity in a rapidly growing electric system, 
i. Flood Control.—The substantial flood control benefits through the 600 mile bs 7 
length of the Coosa and Alabama River opera-_ 


tions 000 per yr. 


— 
| 
| 
1; i 
is contained in Weiss and Logan Martin reservoirs, is obtained 
g 
a; 
| 


ltt —The development of this river will stablize the supply 0 of indus- 


- peor Childersburg, Ala. The Birmingham industrial complex is only about 30 
- miles west of the midpoint of the river. Coal, gas, electric power, water, a 
is labor are available in this valley, as well as highways, railroads, and a mod- 
= erate climate, all of which are desirabie factors for plant site selection, _ 

Navigation.—The license requires that basic be made at 


ea 
_ In order to bring navigation from Mobile to the mouthof the Coosa River - a 
= it will be necessary that three Gms be constructed on the Alabama 
River. _ These are being studied by the Corps of Engineers and would further 
open up the industrial potential of the valley. 
Recreational. - —The completion of the Coosa River projects will create a 
total lake area of 118 sq ‘miles with over 1500 miles of shore line, Several 
small impoundments have been built withinthe areaof Weiss Reservoir. 
have been stocked with fish sothat when the new lake is eee, rr will | 


‘The Coosa River may not be the first river tobe wholly develaped by private — 
enterprise, but it is probably the largest development of an entire river by one 
corporation anywhere, These seven Coosa River hydro plants, together with | 
other company hydro plants, 3 existing, and 3 proposed on the Warrior River _ 

_ ae (two under construction May, 1961), will create investor- owned oe electric 


us power production on the compan any’s system of 1,200,000 kw, - ae 


General project sup supervision is Power Company’ s ‘Engineering 
Department under the direction of E. R. Coulbourn, Vice President. Planning 
and detail designing is being done by Southern Services, Inc. under the direction 
R. R. Randolph, Jr., F. ASCE, Manager, Hydro Project Section, Field in- 
_ vestigations and project construction are under the direction of the Company’ Zz 
Construction n Department headed by D. F . Elliott, Vice President. 
_ To advise in the investigation, planning, « design and construction of these — 
a pl projects, in October, 1956 a board of consulting engineers was established, — 
‘The boardconsists of J. P. Growdon, F. ASCE, of Pittsburgh, Pa.; B. W. Steele, 
‘ - ASCE, of Miami, Fla.; George F. Sowers, F. ASCE, of Atlanta; S. H. Wood- ae 
ard, F, ASCE, of New York, N.Y. and J. M. Barry and H. J. Scholz retired 
company executives who advise on financing and system planning. 
4 th the early stages of project planning, The J. G. White Engineering Cor- _ 
poration was retained, and since 1958 D. J. Bleifuss, F. ASCE, of San Fran-_ 
= Calif., has been retained as a special advisor. | ees 
‘The writer is indebted to P. L, Sharkey, Principal Hydrologist, Southern — 
Inc. and C. E, Gore, Geologist, Alabama Power Company among 
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_ COOLING POND DESIGN IN THE SOUTHWEST2 


use ponds as asource of circulating water for central steam- 7 
electric stations is (in 1961) steadily increasing in the ‘United States. The 
theoretical formulas by which | heat dissipation rates may be computed have 
been established, but considerable engineering judgment must be applied in 
_ pond design to develop maximum cooling efficiency, because operating data are 
_ limited. Factors that should be taken into consideration in the design of a cool- : 


G 


has been placed on the» water supply situation in the 
; x States relative to the manner in which this natural resource might best — 
_ be utilized for the maximum benefit of all. This is of particular interest in 


the Southwest in which forecasts of the nonconsumptive  use—excluding hydro- 
electric plants, navigation and recreation—w ill exceed the estimated — 
able water supply in 1980. 3 Furthermore, the estimated 1 consumptive use will 


Note.—Discussion | open until December 1961. extend the closing date 
_ month, a written request must be filed with the Executive Secretary, ASCE. This =. 

is part of the copyrighted Journal of the Power Division, Proceedings of the — 
of Civil Engineers, Vol. 87, No. PO 2, July, 1961. ~ 

_ @ Presented at the April, 1961 ASCE convention at Phoenix, Ariz. _ ne tonsa: de 

7 1 Prin. Civ. Engr., Civ. Design and Constr. Dept., Ebasco Services, Inc., , New York, el 

Senior Mech. Engr., Cons. Engrg. Dept., Ebasco Services, Inc., New York, N. 
7 _ 3 “Availability of Water in the United States With Special Reference to Industrial | 
by 1980,” D. ‘Industrial of the Armed Forces, (1957. 
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ment of plant sites. The quant of the utility industry and the attendent increase — ' 
4 in plant size and circulating water requirements has resulted in more limited _ 
availability of sites where the supply is fora one- -through cir- 


supply of 5% of the circulating water how. In 1959, 12% 
of the circulating water systems in thermal plants of investor-owned utilities 
= either a cooling tower or a pondas compared to 19% forecasted for 1980. 4 
 iItis evident, therefore, that future site selection and development may re- 

F quire consideration of either a reservoir or cooling towers as a means of cool- 
ing the condenser circulating water. The purpose of this paper is to present | 
some of the salient design aspects of of cooling ponds and to illustrate their ap- 

COOLING POND DESIGNASPECTS 
The e design « ofa — pond is an art, because the many factors that affect 
the performance of the pondare so variable and peculiar tothe individual situ- 
ation that each design consideration must be evaluated separately on the basis 
_ of theoretical computations and past operating experience. 
‘Several previous theoretical papers),6 have been written on the subject. of 
2 heat dissipation from water surfaces and define formulas for the rate of heat — 
loss. T These formulas assume that the heated water discharged from a power . 
-_" plant is dispersed over the entire water surface. This assumption is valid 
under most operating conditions providing that the circulating water system is” 


aoa, topographic and hydrologic that are -e peculiar to the individual pond, 
Operating and research experience must be _used to modify the conventional 
on. Furthermore, because there will be both horizontal and 7 
ss vertical temperature gradients within the pond, the design of the system should 7 
endeavor to obtain the coolest water which can be economically justified. __ 
; ar a preface, to the analysis of f cooling pond design aspects, a brief review 
- the effect of climatological conditions on the water temperature of natural — 
lakes and cooling ponds would be of assistance in  agprectating differences in J 
lake, on which no industrial heat load has been imposed, has a natural 
water temperature that is the result of a balance of heat input from sky and - 
solar radiation and heat loss from back radiation, evaporation and conduction — 
4 When heat is imposed from an in industrial source, _ the temperature of the / water ES 
is artificially raised and increases the rate at which heat is lost until a new 
_ equilibrium temperature is attained. Because the natural heat input remains 7 
the same regardless of industrial heat input, the new equilibrium temperature 


q is a function | of the increased rate of | radiation, evaporation, and conduction | 


a. “Water Tuscureas Activities in the United States” by Select Committee on Nat- - 
ural Resources, U. S. Senate, Senate Resolution 48, 86th Congress. 
_ 5 “How to Predict Lake Cooling Action,” by R. F. en Belle, Vol. 95, p. 86, 


beck, USGS USGS Circular 
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‘water temperature differentials, wind velocity and vapor ‘pressure differentials. 
‘The effect of local climatic conditions on natural water temperatures is 
_ demonstrated by examination of atmospheric dry-bulb temperatures andnatural 
4 water temperatures. _ The average annual dry-bulb temperatures across the | 
United States are given in Fig. 1. Observe that the isotherms indicate an ap- : 
proximate range of 40° F to 70° F for the entire country. Particularly note 
that, within the State of Arizona, the full 40° F to 70° F range is ; experienced. 
_ The effect of local climatological conditions on natural water temperatures is — 
illustrated? in Fig. 2 which shows isotherms of the approximate mean monthly 
_ temperature of water from surface sources for July and August. The range of 
Fee water temperatures for the country is 60° F to 90° F. Natural water 
- temperatures in Arizona average from 70° F to 90° F which represents practi- 
- cally the entire n national range. The significance of these variations in natural» ‘ 
water temperature in cooling pond design is that the maximum rise due to in- 1 } 


dustrial heat load is limited to the difference between the 


then no no further evaporation takes place. Reduction in the rate of 

_ would have a substantial effect on the total heat dissipation rate because the — 

heat loss by the evaporation process in a cooling pond may average 60%, or 

more depending on local conditions. Furthermore, the rate (of conduction also — 

is reduced, thereby leaving only the heat loss by radiation unaffected. Air — 
_ movement across the water surface causes turbulence and a scouring action — 

that brings unsaturated air or air of lower vapor content in contact with the 

water surface. Fig. 3 shows some typical average ‘annual wind movements all - 
a corrected to 25 ft above ground level for comparative purposes. The range in _ 


in the Rocky and Appalachian Mountain ranges are too few to indicate the con- 


‘siderable range in local wind movement due to the configuration of mountains — 


‘The number of weather stations from which data are for 


and valleys. Local airport wind data, in many instances due to the character 
of the terrain, show wind velocities that may average twice those recorded in » 
valley locations. Thus, wind data that are applicable to the site under consid- a 

— eration are especially critical in the design of a cooling pend in the mountain 


_ The vapor pressure of the air is a function of the water vapor content and 


_ the dry-bulb ) temperature. At constant temperature, an increase in water va- 
por content will increase the vapor pressure. the dry-bulb 
increases, the air can absorb more vapor. Thus, for a given quantity of water 
vapor, the vapor pressure will decrease with an increase in temperature. In — 


‘Temperature of Water Available for Industrial Use in the United States,” USGS 


Water Supply Paper 52,000 


a 
a 
= | 7 ae a maximum mean monthly water temperature in a cooling pond in Arizona ! 
a , is set at 100° F for the summer, then the location within the state would be ex- —s_ | i 
; 7 : tremely critical because the permissible rise due to industrial heat input would © 
rangefrom10°Fto30 
In addition to dry-bulb temperature, the wind velocity has a substantial effect 
onthe rate of heat dissipation andin particular, the rate of evaporation. Evap- 
ba 
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1 AVERAGE ANNUAL DRY-BULB TEMPERATURE 
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FIG. 3.—AVERAGE ANNUAL WIND MOVEMENT, IN MILES PER HOUR 
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-ahot dry climate the vapor pressure will be rate that 
is a function of the difference between the actual and the saturated vapor pres- 

an sure, will be considerably more in a hot dry climate than in a cold humid cli-— 

mate. Fig. 4 shows ‘some typical vapor pressures at various weather stations 

at throughout the country. The mean annual vapor pressure of 0.14-in. Hg at 

ae Yellowstone, Wyo. is shown as the lowest and the vapor pressure at Key West, 
‘Fila. . of 10-1 in. Hg ‘is | the highest. Wyoming, | the ‘climate is cold and dry 


i extreme values. In Arizona the mean annual waper gress pressure is known to range — 
from over 0.3-in. Hg to less than 0.1-in. Hg. 
These atmospheric. conditions will affect heat dissipation from 
the cooling pond surface and will determine the base natural water tempera-. 


ture. It is left to the ingenuity of the engineer to utilize these natural processes 


: sideration the geophysical features of the local terrain and the hydrology pe- 
_ culiar to each situation. Four major design features that should be taken into © 


consideration inthe pond design are pond depth, intake depth, separation of in-. 
take and discharge, and make-up water supply, 

_ Pond Depth.—Acceptable depth of a cooling pond is dependent on (1) effect 

of dry-bulb temperatures, (2) rate of recirculation and -expectable 

down during dry periods. 
_ As previously stated, the natural is most clearly related 
tothe dry-bulb temperature. Investigations have shown that the rate of change - '¢@ 
. of intake water temperature with dry-bulb temperature is a function of depth. a ‘a 
_ In shallow lakes, it is found that the watertemperature downto a depth of about - 

10ft to12ft will average withintwo or three degrees of f the temperature at the 
- top foot of water. This condition is the result of wind movement that normally 
is sufficient to overcome large thermal stratification and result in a rather 
small temperature gradient f from surface to bottom. ‘Furthermore, water toa 

- depth of about 12 ft is materially affected by short term (three to five days) 7 


atmospheric conditions. A pondof less depth will result in even closer corre- 
lation (exclusive of industrial heating) with the dry- bulb feenpenntane and will 


we _ The minimum water storage capacity of a pond should be at least equal to 
— volume of water to be recirculated in 24hr. This feature is necessary to take > _ 
advantage of cooling during the cooler night hours when there is less natural 
od heat input by sky and solar radiation and probably less heat input from the power 
: _ plant due to lower plant load at night. As the depth and storage capacity in- 
creases, the percent of surface water taken into the condenser is proportion- 
ately smaller thereby reducing the effect of industrial heat input. To take full 
advantage of this condition the intake should draw water from the deepest peat 
Once the minimum pon pond depth and storage is determinedfrom the pond cox cool-— 
‘ing performance viewpoint, study of the expected drawdown should be made 4 
based on analysis of stream flow records, pumped make-up, natural and forced 7 


evaporation, seepage, , and other uses. From this information the normal and 


> 


_ 8 “Evaporation From Lakes and Reservoirs,” 


weation From Lake 
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PO2 COOLING PONDS 


9 
. minimum operating level or depth of the pond. can be established. iene 
- should be ‘made for future loss in storage capacity due to siltation if soil cal 
 Separ ‘ation of Intake and Discharge. —The theory of pond surface cooling is 
based on the fact that the warm discharged circulating water on entering the — 
pondwill rise tothe surface andspread out in a relatively thin layer. Theoreti- — 
cally, convection currents established by thermal differences should carry this — 
3 water to all parts of the pond. The temperature of this surface layer 
would be in direct proportion to the distance from the point of discharge. The 
_ cooled water at the farthest point having a lower density will then drop down 
P és toa lower strata and establish a current counterflow to the surface current. 
On this basis, the logical location of the intake would be next to the point of 
7 discharge but at sufficient depth to prevent drawing some ofthe warm discharged 7 
Experimentaland operating data from cooling ponds indicate, however, that 
_ some separation be provided between the point of intake and discharge due to 
the effect of wind movement on currents within the lake and the effect of — -_ 
“ rents induced by circulating water pumping. Published ‘experimental data on — 
the relation of wind velocity to water movement indicates that a wind of 5 mph 
will cause surface currents” to move at a rate of about 750 ft per hr ' while a 7 
-_ of 30 } mph will cause a water movement of about 2,100 ft per hr. in 
= the water surface, the water moves along with the upper layers but at a yeloce 
ity that decreases with depth. Test data on a cooling pond having an average 
depth of 8-ft and 7, 500- ft separation of intake and discharge showed that ered 


the wind direction is toward the intake, the warm water accumulates along the _ 
_ downwind shore andat the intake causing a markedincrease in inletcirculating 
: water temperature. Under the majority of wind conditions at this particular 
pond, return flow toward the intake would be counter to the wind-driven cur-_ 
rents thereby resulting in good cooling performances. 

_ Induced flow from the discharge to the intake might occur if separation is 
% inadequate particularly for a large plant. Water temperature data, taken at a 


- Plant where the warm discharge water has the. option of two paths, indicates” 
that the warm water follows the path having the shortest distance between dis- _ 
a charge and intake thereby demonstrating the effect of induced flow. amie. ° 
- No precise distance can be established for the separation of the intake and 
discharge because the distance is a function of the quantity of heat rejected to _ : 
- the pond, wind direction, circulating water requirements, stream inflow, depth — 
4 = of pond, configuration of shore line, and location of the power plant. ‘If the plant 
3 is located at one end of a long narrow pond, the warm discharge water may 
- represent a relatively large proportion of the water volume in the vicinity of _ 
the plant "discharge in which case the average temperature at that end of 
the pond may be several degrees higher than the average for the entire pond. 
‘This would be especially true in the case of a shallow lake of less than 10-ft 
7 depth. By discharging the water ata pointnear the Opposite end of the lake, the 
over-all temperature of the water near the intake will be lower because it has 
; had more time to cool due to the period required for recirculation. Construc- | 
tion of long canals may be uneconomical due to topography of the shore line, _ 


' in which case a separation dike may be constructed parallel to the shore 7 


jutting out intothe lake proper. The latter course may be especially adaptable — 


Depth of Intake Structure.—In a natural lake, the surface waters are heated 
, sky and solar radiation. . The action of the wind cools the upper layers and 
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previously cause return "currents the surface layer. 

_ combination of these two actions results in formation of three distinct well 
_ ~aamely a surface strata or epilimnion comprised of warm water at constant 

- temperature, an intermediate strata or thermocline where there is a definite , 

temperature gradient with depth and a deep strata or hypolimnion where the - 

_ water is the coolestand at relatively constant temperatures. In a shallow lake me 

(under 20 ft deep) the hypolimnion does not exist and the thermocline has a 


asmall temperature gradient with depth. In a deep lake of 50 ft to 100 ft, ver- 
tical mixing may cause the thermocline to extend to a depth of 20 ft to 35 ft 
depending on wind velocity. During periods of caim, the thermocline may be 
wa a cooling pond, the principle of stratification remains the same same except vie _§ 
that the vertical temperature gradient in the thermocline is larger and mf | 
"extend to” a depth particularly in the vicinity of the intake due to 
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taking in water. at 25-ft depth result in inlet 

" water temperatures as much ae sae to three degrees lower than a structure 

takes: water at a depth of 10 ft. Normally this decrease in 

build the intake below a 25-ft depth depending on the relationship of added 
ms i. ~ cost for the intake structure as compared to the potential gain in improved | 

a Inflow or Make- Up.—The source and quality of cooling pond inflow or pumped * 


: fs make-up that is needed to compensate for natural and forced evaporation and _ 
seepage losses, determine to a large extent the fluctuations of operating level >| 


logical conditions are not extreme. In some situations, it might be eocnuatell bo: 


of the pond and may have considerable influence on the maximum generating 
Capacity that can be installed economically at a plant site. A stream-fed pond > 
4 
@ usually designed for larger fluctuations in level than one receiving pumped 
i make-up due to seasonal runoff and occasional droughts of long duration. 
make-up supply is to be pumped from wells, the level can be maintained 


or less stationary. y. However, | because ground water is often limited and 
expensive to develop it is rarely used for cooling pond make-up. = 


_ The amount of make-up required is determined from evaporation records 
in the area, estimated seepage — loss and computed forced evaporation — a 
For an ‘off-stream ” pond a study ot the quantity and rate of — loss is 
essential to establish a pumping schedule and size of make-up water facilities. 
Such a schedule may be based on a rule curve to indicate a desirable rate of — 

_ refilling after a periodof drawdown. Proper allowance should be made for ex- a 
treme conditions so as toavoid unbalance between available make-up and <i a 
drawdown and the resulting possibility of having to curtail electric 
= to conserve water in storage until new inflow can be realized. e 


_ The two installations under construction (as of 1961) near Holbrook, Ariz. 
and Farmington, N. M. are | illustrations of the application of cooling pond de- 
q = sign principles andinclude some ne unusual features. They also demonstrate the 
desirability of obtaining climatological data that are recorded at or are repre- 
_ sentative of the pond s: site. At both of these sites, _ cooling towers 5 aon 
= considered for circulating water oe but economics — the aa 
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COOLING PONDS» 


of cooling ponds. Water: conservation was consideration a at 


eo Cholla site seo is the aie adjacent to the north bank of the Little 
Colorado River 8 miles west of Holbrook. The predominant reason for select- 
ing | the Holbrook area was the availability of ground water of adequate quality — 
and 1 quantity from the Coconino ‘Sandstone aquifer. initial installation will 
be a 115,000-kw coal- -burning 1 unit. Coal will be mined from open pit mines at 
‘Gallup, N.M.andtransported 120 miles by raihe 
_ The topography andsoil conditions at the site indicated a cooling pond might 
_ be constructed by using dikes to form three sides. Investigations showed that — 
a 380-acre “off-stream” pond adequate to support the initial 115,000-kw unit © 
plus an additional 175,000-kw unit _ could be constructed at a lower cost than , 
& cooling towers for the same capacity. The pond v will have a storage capacity — 


0 of 3,300 acre-ft and an average depth of 9 ft. wie ee ir 


5 The top strata of soilat the Cholla site consists of sandy clay, thus insuring 


a relatively impervious reservoir and material suitable for compacted dike © 
construction. The dikes with a maximum height of 14 ft will require 265,000 
cu yd of fill. The natural soil is sufficiently impervious so that no core trench 
will be necessary andonly stripping of top soilunder the dike will be required. 7 
Dikes will be protectedagainst wave wash by quarried Coconino Sandstone ) rip- - 
‘rap. _ Freeboard of 3 ft will be provided on external dikes to allow for wave 
action and rise of pond sur surface during storm runoff that will discharge over an 
_ The . cooling pond design is unique iii the pond is divided into two sec- 
tions toform a “hot pond.” The circulating water intake is located on the west 


— 


canal will carry the warm circulating water northeasterly to the peak of the 
triangle. Initially, this separation of intake and discharge was considered ade- _ 
quate to provide reasonable distribution of the warm water in view of the shallow _ 
ec haracter of the pond. However, analysis of the wind rose indicated that practi- 
cally all of the time the wind would blow from the southeast-southwest quad- 
rant. Wind from this direction would cause the warm circulating water to build 
_ up along the north side of the pond and short circuit back to the intake without — 
_ making b beneficial use of the majority of the pondareafor surface cooling. a 
“situation has been indicated by temperature records at cooling ponds in the > 
_ United States and confirmed by the use of a radioactive tracer (Iodine 131) in 
_a cooling pond investigation at the Maitland Station of The Electricity 
In order to remedy this situation, it is possible te > either (1) route the o~ 
canalaroundthe pond tothe southeast corner or (2) extend a dike from 
7 the initial canal outlet across the pond in a southeasterly direction. . Water » 
: temperature data collected at another off-stream pond utilizing a divider dike _ 
indicated that when the wind direction was counter to the path of flow through 
the the discharge ‘section of the pond, ahigh rate of cooling was experienced. 
4 condition was attributed to the fact that the water within the pond ame e 
section had a high temperature level over a considerable area thereby main- 


=. 


a large tem differential between the ambient temperature and 


end of the triangular shaped pondas shown in Fig. 5. A 2,300-ft long discharge - a - 


q 
a 
| 
| 
= } 
| 
| 
ag 
: 
i 


4 1961 


ata 


the water temperature. The n net effect was an increase inthe rate of heat dissi- 
pation and over-all pond cooling efficiency. Without a dividing dike to constrain 


the movement of the warm discharge water, the warm water would spread over 
= water surface and cool thereby reducing the magnitude of the water-air 


temperature differential and correspondingly the rate of heat dissipation. 
At Cholla, this so-called “hot pond” concept will be further improved on by 
the construction of an inverted weir at the outlet of the “hot pond” as shown in 
‘Pig. 6. This weir will permit only the coolest water to leave the “hot pond” } - 


because of density differentials. - Without t the invertedweir, | counter flow of cool» a7 


by the Commission ot — "Australia. 


“FIG. 5.- —CHOLLA SITE DEVELOPMENT PLAN 


_ An unusual feature is that make-up water to the pond is obtained wells. 
= Usually where a surface water supply is unavailable, the higher water loss from 
a cooling pond due to natural evaporation an and forced evaporation as compared 

- toforced evaporation from a cooling tower results in substantial penalty against 

the cooling pond for greater make-up water requirements. However at Cholla, 
_atmospheric conditions are such that the evaporation rate from the cooling — 
= is quite high as one eg tothe additional evaporation, or forced — q 
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The estimated make- -up for the pond are re shown in Table 
The cooling pond design criteria was that the average annual inlet a 
ing water temperature would be equal to the temperature obtained with the use 
of cooling towers. . Assuming a a total installation on the pond | of 290,000 kw 
(1-115,000-kw and 1-175,000-kw unit) operating at an average annual load factor 
of 85%, the estimated heat load over the entire pondsurface would average about 
5 #72 Btu per sq ft per hr. The average annual inlet circulating water temperature 
is estimated to be 72° F that is 17° F higher than the estimated natural water 
7 temperature of 55° F. The “hot pond” concept is estimated to have a beneficial _ 
effect of oF cooler inlet water than would prevail w that 


Aore-feet per Year 


3,015 4, T3000 


* 
It is estimated that the maximum on hr inlet circulating water temperature 
wilt not ome 100° F 


New Mexico onthe mountain desert of the Navajo Indian Reservation as shown 
in Fig. 7. The site is located adjacent to alarge coal deposit that will be mined © 
for plant use by open pit methods. . The initial installation will comprise two 

1% 

175,000-kw units whereas the of the station is expected to 

The San Juan! River which derives 95% of ‘its water from m the ‘Southern Rockies" 


8 San ooh is about 2,600 cfsthere is insufficient flow during drought periods — 
i support existing municipal and irrigation water rights. The Navajo Dam will 
partially alleviate . this situation although the storage in Navajo reservoir will — 
be insufficient to insure full water use for the irrigation seasonin prolonged © a 
drought periods. Ground water are area is not adequate in ¢ quality o or 


uty, 1961 —— 
The shallow depth of the pondwill result in the water temperatures varying 
ae 7 7 with short term ambient temperatures. To compensate for this condition dur- i 
ingthe summer when the plant will be operating at high loads, the surface area 
of 1.3 acres per 1,000 kwis greater than would be requiredwith adeeper pond. 
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perm a5 Deen issued DY the state Ol NEW MeXICO Co alve 
— - reservoir 33,000 acre-ft per yr of unappropriated water from the San Juan 7 ? 


_ River for power plant usage. The appropriation is firm on an n annual vaste a 
‘ therefore some storage requirement is necessary when pumping must be cur- = 
tailed due to insufficient flow to supply need of prior rights. on Tent J - 
7 ‘The preliminary plans for the development of this site initially c: called 7 
the construction of an off- stream reservoir into which water from the San roll 
would be pumped. The reservoir ' would serve as a source of water supply to 
the power plant for boiler make-up, equipment cooling water, and cooling tower 
make-up. Comparison ofa circulating water system comprised of cooling tow- 
ers receiving make-upfrom an off-stream reservoir versus a system sling 


an off-stream 1 reservoir for a cooling pond indicated | that the total water use 


ss the ultimate plant almost as large as the cooling pond. Comparison 7: 
_ the water losses showed that the natural evaporation los loss from the two reser-_ 
-voirs was about equal. The loss from the cooling towers due to evaporation 


and driftage was substantially higher than the evaporation loss from the cooling 
_ pond due todischarge of the warm circulating water. Thus, for the same quan- 


tity” of make-up, more generating capacity could be installed at a lower invest- 
ment with a cooling pond development than with the cooling tower plan. 


_ The cooling pond will be located 3 miles south of the San Juan River in a 
_bowl- -shaped wash onthe mesa 300 ft above river level as shown in Fig. 8. a 
pond will have an area of 1,275 acres, a capacity of 39,000 acre-ft and an av- 
erage depth of 29 ft as shown in Fig. 9, 
‘The necessity of obtaining meteorological data either at or representative — q 
: of the cooling pond site was particularly stressed at Four Corners as related | 4 
‘to make-up water requirements. Preliminary studies relating to the feasibil- 
ity of the project used evaporation data collected in the Farmington area for a 
over 40 yr. These data were collectedfrom evaporation pans of different ee: 
p and at different locations. The first 30 yr of data were collected from a float 
.#- g pan set in a swampy area between the San Juan and Animas rivers. The 
. ext set of data were collected from a a standard C Class A Weather Bureau pan 
4 set inthe flood plain of these rivers. * The last data were collected from a Class 
A pan located | in the irrigated vz lley of the Animas River. The cooling pond 
site, however, is ona high desert mesa which is exposed to prevailing winds 
from the southwest and quite dry. The data from the Farmington pans, although 
taken only 20 miles away, were not a true indication of evaporation rate at the | 
_ pond site because the evaporation loss probably was affected by the surround- 
ing marsh lands and by wind velocity and direction determined by the local 
d terrain. Therefore, evaporation estimates were made by extrapolating Farm- ry 
~ ington data based on short term records at Shiprock, N. M. where the pan lo- | 
cation was more representative of the pond site conditions. _ The average rate 
: evaporation | at the plant site was _ estimated to average 37%higher than at 
_ Farmington and naturally had a material effect on make-up requirements. 
Dee Comparison of the Shiprock and Farmington climatological data also indi- 
cated that the prevailing wind direction at Shiprock is southwest whereas at 
_ Farmington the direction is easterly. This change in direction at Farmington © 
demonstrates the protection that the gorge enjoys from the mesa winds and the 
channelling « effect of the gorge. . Likewise, this change indirection substantially ; 


affected consideration of discharge canal and intake- skimmer 
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FIG. 8.—FOUR CORNERS COOLING POND 
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COOLING PONDS 
a amount of generating : capacity: that can be installed at the Four Corners a 
4 plant is directly proportional to the quantity of make-up water available from 7 
the San Juan River. The cooling pond will have a full pond area of 1,275 acres. 
it the pond could remain substantially full, approximately 1,500,000 kw could 
be supported by the pond. However, after allowance for curtailment of make- 


up pum ping oun a drought period, the cooling pond in the summer might | be a 


‘This area would be sufficient for a 1,270,000-kw installation on the premise 
that the maximum 24-hr inlet circulating water temperature will not exceed Jf 
100° F. The surface area requirement per unit of installed capacity is about 
0.8 acres per kw at Four Corners as compared to 1.3 acres per kw at Cholla. 
This difference is primarily due to the “flywheel” effect that will result from ; 
the greater volume and depth of water in storage at Four Corners pond. The a. 
it average water temperature will be less susceptible to short term variation in 
atmospheric conditions and plant operation than would be expected with a shal- — 
a. common situation at both Cholla and Four Corners, is the problem of in- 4 . 
crease in dissolvedsolids concentration ofthe pond water resultingfrom prac- 
_ tically no inflow except pumped make-up and little, if any spill, from the pond. — 
_ Basedon good cooling tower practice, the dissolved solids concentration should ‘ 
be limited to about 1,400 ppm which is the e upper limit that can be properly treated | 
to prevent excessive scale formation on condenser and heat exchanger tube 
surfaces. At both plants the rate of build-up of excessive concentrations is 
‘minimized by the use of water from the . pond for hydraulically sluicing ashes y 
_ into disposal areas. This means of “blowdown” is estimated to keep the di dis - aq 
solved solids concentrations in the pond water within manageable levels. 
The estimated make-up water requirements for the Four Corners pond are 


ast follows a 1,270, 000- -kw plant: 
y 


ae Forced Evaporation ~ 9,600 


Blowdown (5,500-2,500 seepage) 3, 000 


Seepage 2,500 
4 Ze Under drought conditions and depending on the nila of development of the — 
Four Corners plant, under which 1,500,000- kw might be installed ifthe cooling — 
pond is kept full, the annual make-up water requirements are estimated to in- © 


“crease to over 30, 000 acre- site % 


no sharp line separating the sandstone underlying 
shale but rather a gradation zone of siltstone and sandy shale. The dam site | 

3 western half of the reservoir are inthis gradation zone. = ~~ 

_ The siltstone and shale at the dam site show generally two zones of vary- — 

_ ing degrees of weathering. An upper zone 5 ft to 10 ft thick of highly weathered | i 


intercalated siltstone andsandstone along with gypsum stringers. . This is un- | _ 
derlain by a zone 10 ft to 30 ft thick of be cam weathered siltstone and ca 4 
4 


| 
= 

— 

| 
— 
| 


‘weathered 2 zone of siltstone andsandstone will be the and 
- 20-ft to 40-ft cutoff trench will be excavated through the partially — P 
zone to competent rock. The cutoff trench backfill and impervious core con-_ 
sists of compacted loess borrowed from the bottom of the cooling pond wash. ~ 
_ The shell zones consist of sandand gravel fill from ahigh river terrace 3 miles — 


R __ River Diversion. —The San Juan River has aflow range of 400 cfs to 100, 000 


-ency to meander. The river. diversion (shown in Fig. ay will be located at 
base of a 200-ft bluff on an outside bend of the river to insure a stable chan- 
nel and to obtain scouring velocities on the pumping side of the river. er = 

_ The silt problem coupled with the wide stream flow range required the de- : or 
_ sign of diversion facilities that would permit the maximum permissible pump- , oie 


time without incurring excessive maintenance. 
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‘whe FIG. 10. —TYPICAL DAM SECTION 


= ume, 2 the intake. The south or intake abutment of the weir consists 
Ofa sluiceway mounting a 6 ft-by-20-ft flat gate. The high velocity flow through 
the sluiceway will prevent accumulation of sand and gravel in front of intake. 
Sie The intake structure (Fig. 12) will mount coarse trash racks, closure gate a 
_ traveling bar rake, sand traps, and make-up pumps. Sand entering the pump _ 

chamber will be deposited in a concrete hopper’ and will be conveyed away 


+ to handle 10% solids at a maximum rate of 9 cu ft per min. This system is es- 
to be of of the solids when the river 


to the cooling pond would be restricted to 250 days 
Total pump capacity of 30,000 gpm was selected as being capable of providing 
the estimated 33,000-acre-ft make-up required annually. These same pumps 
7 be used for the initial filling of the pond in approximately a year and one 
half of pumping based on 400 days of actual operation. The make-u -up aed Ps . 


6,000,000-cu yd earth fill dam will be 6,800 ft long with a 133-ft maxi- 

+» 
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Analysis Ol river and sult loadings of the San Juan River indicated that 
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daly, 
it rl be sizedat 15, 000 gpm gpm each at 450- ft he head — driven by 2,000-hp synchro- - 
nous motors. The pumps are four stage, turbine type, unbalanced design hav- 
_ closed shaft with clear water lubrication. The impellers and bowls will _ 
i be neoprene coated to reduce excessive wear. The hydraulically operated pump 
discharge valves will have stellited edged stainless steel discs and neoprene | 
_ Clear water lubrication for the make-up pump and sand pump bearings and 
3 ‘cooling water for the ‘motor bearing oil will be provided by a ae filter — 
system that will take suction from the make- -up pump discharge. = = 
i Water hammer and surging in the pipeline will be controlled — setting the a 
discharge. valves for an estimated 90-sec opening and closing periods. 
” The valves will be operated through a nitrogen filled accumulator pressurized ; 
to 1,000 pse to prevent draining of the pipeline in the event of power fa ae colle 
: J During filling of the make-up pipeline | the make-up pumps would — the 
- allowable NPSH and result in cavitation if the discharge valve is wide open. ; 
Similarly, if the discharge valve was | throttled to maintain head of the pumps, .— 
the valve disc would be subject to cavitation. Therefore, an 8-in. bypass will 
_ be installed around the discharge valve by which the velocity head loss will 
dissipate as much as 350 ft of —— 
_ Make- Up Pipeline. —The make- up pipeline will consist of 360 ft of 36-in. 
‘steel pipe, 6,800 ft of 36-in. prestressed concrete cylinder pipe and 6,700 ft of 


42- in. concrete culvert pipe. 
The steel pipe of penstock type construction will be used for the rise out of 
the river gorge. The 200-ft bluff consists of weathered sandstone and shale ~ 


snes large gypsum filled fissures . Although the river face a the bluff is — 


the ‘rock will be cut back toa 45% grade, and a continuous 10-ft wide concrete _ Jf 
_slabwill be anchored tothe hillside to insure an adequate support for the pipe. : 
_ The pipe saddles will rest on the slab. The cut area on either side of the - ; 
will be covered with gunite to prevent moisture from entering the r rock fissure. 
_ The prestressedconcrete pipe will extend from the top of the river bluff to ; a 


? the top ofa ridge, which is about midway between river and pond. The line ye 
contain two air-vacuum relief valves locatedat major changes in grade to p pre- : 


* vent surging during filling, pump start-up or pump shutdown. This portion of 

lines will terminate ina surge chamber at the high point. 


line constructed ‘of 42- -in. 1. concrete culvert pipes. Manholes will be located ap- 7 - 
proximately 1,000 ft apart to vent the gravity line. The pipeline will terminate — pf 


We 


ata Parshall flume equipped with recorder totalizer. 
Condenser - Circulating Water System. —The circulating water intake will “a 


7 7 - locatedat the west or deep end of the pond on the south shore. The discharged | 


circulating water will be carried 5, 000 ft along the south shore through canals 
and diked off inlets. The winds, which are primarily from the southwest, will — 
 emey the warm water from the discharge canal outlet across the lake away . 
from the intake. The counter flow current, which is set up below the surface as 
strata will return tow toward the intake. This return water will be cooler than the y. a 
“surface | strata. In a natural lake, this layer or thermocline extends 20 ft to - 
35 ft below the surface. It is anticipated that the heat load imposed on the pond — 


will depress: the to which the thermocline exists. arbitrary depth of 
war 
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COOLING PONDS 
then the coolest water available will be obtained. 
_ On this premise a deep intake was eee” but less costly approach was 4 ‘ 


_ PRECAST 


EL. ve/9.0 


BOTTOM OF WALL 
5285.0 


as shown in Fig. 13, will extend 40 ft k below low water and is designed to per- 
mit passage of water under the wall at a velocity of about 1.25 fps ans ulti- — 


mate generating capacity is installed. 
| 
CONCLUSION NS 
Although numerous formulas andheat balances have been published for cool- - 
ing pond design these can only be considered a | guide for computation of pond : 


“size and “expected temperature r rise. Judgment factors based on past 


ence with ponds of various physical characteristics under different climatical 
conditions are of the greatest importance when evaluating the design that will | 


‘result in the most efficacious use of the pond surface for heat dissipation and 
put to the most beneficial use the water available. Several physical features | 
_ have been described; however, the cooling pond has to be built according to J 

(1) the terrain as exemplified by the shallow Cholla pond constructed on flat 
_ ground and the deep Four Corners pond with 40,000 acre-ft of storage, (2) the - : 

climatic conditions, and (3) the available make- up wat water — 


: 

— 

a : _ depth at low water. A skimmer wall will be placed across the entrance of the ~ 7 
ieee : arroyo. The wall of steel “A” frame and precast concrete slab construction, § 
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DESIGN OF SELF- SUPPORTED STEEL ‘TRANSMISSION TOWERS? 


_ Closure | by R. N. Bergstrom, uF R. Arena, and J. M. Kramer 


RN. BERGSTROM,!8 F. ASCE, J. R. ARENA, 19 F, ASCE, and J. M. wings 
MER.20_— -It appears that all of the discussers have agreed on one 
point. This point is that the present N.E.S.C. does not present struc- 
tural provisions to supply a proper» criteria for tower design throughout the 
z - United States. They also underscore the related fact that tower weights c can 
> ovary according | to the designers interpretation of the code and to the freedom 
mn (4 of choice afforded the designer by the many omissions in the code. latinas , 
, _ The writers agree with Hollick that the ultimate compression formulas as 
= . “plotted i in Fig. 9 as “allowable unit stress” should be called ultimate unit stress. 
~ Hollick’s questioning of the use of decimals to the second place for the over- 
_ load factors as being inconsistent with some of the assumptions made in tower 
design is well taken, but the overload factors shown are exactly as . listed in 
the N.E.S.C. This merely illustrates one of the many of the 
= Dugan presents a fine analysis showing the neath 4 of er great effort and sf 
paration, and he did especially well in presenting a competing tower 
The writers do not quite understand why Dugan was skeptical about the eco- 
nomical aspect of the rectangular t tower. JA closer look at the weights of the 
33 7 the square tower design presented by Dugan. The original paper did emphasize _ 
that the 12,306 lbtower weight included the weight of the steel grillages. With- _ 
I out the grillages, this tower weight 10,300 lb and it is almost 1,000 lb lighter — 


than Dugan’s weight of 11,200 lb without grillages. Dugan’s tower is 2 ft 6 in. 2 " 
shorter and the spread of the base is 21 ft as compared to 25 ft forthe original 
tower. ‘This, | of course, means greater foundation loads for the 21 ft tower 
base, and presumably they would be more expensive. . The original tower also 
i ' satisfied a design condition not mentioned in the paper that a 14 ft by 8 ft area 
‘. of access must be provided through the tower for passage of farm equipment. i ; 
With regard to compression formulas, the writer notes that the cited straight | 
_ line formula for A7 steel practically coincides inthe L/r range of over 70 with 
_the modified secant formula of the Priest and Gilligan text. The writers believe 
7 that in the L/r range below 70, the secant formula is unduly conservative. 
7 ‘There is a wealth of test data to substantiate this fact. Se dni 
_ The comparison of the economy of high strength steel to A7 steel is based 
on a straight line formula for A7 and the secant formula for high s strength steel. a 


a June 1960, by R. N. Bergstrom, J. R. Arena,and J. M. Kramer (Proc. Paper 2525). 
18 Assoc., Sargent & Lundy, Chicago, Ill. 
19 Structural ., Sargent and Lundy, tll 
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se these formulas were ‘selected for the tower 
Pex The writers differ i with Dugan’ s reluctance to place a ee on Lr 
— for tension members and believe emphatically that there is a great need to 
general requirement that would assign a maximum L/r | totension mem-_ 
¢: bers. The writers do not agree that where a tension member serves as a sec > 
ondary brace, it should always be governed by a maximum L/r of 250 as other 
Regarding Dugan’s comments on using the e ultimate bolt. as com- 
pared to the use of the yield strength for tower members, this procedure fol- 
lows current practices in tower design ar and the e writers have never heard of a 
failure during atowertest. ree | 


_ The writers are encouraged in the unanimity of the discussers in sharing» 
‘the hope that this paper and the discussions resulting therefrom will serve as -— 


— 


i 
| 
— 


iy DIGITAL COMPUTERS F FOR TRAIL- LOAD ANALYSIS © OF Al ARCH ‘DAMSa 


by. G. S. Sarkaria and R. P. Wengler_ 
SARKARIA, 9 M. ASCE.—An electronic computer program, a series. 
of programs, that would relieve the engineer of the more repetitious, and often | 
rather monotonous computations that comprise the preliminaries of a trial- 
Po load analysis is | indeed a welcome contribution to arch dam design. When such © a 
a a program is prepared by an engineer » with many years of experience in the > o 
_ 3 stress analysis of arch dams, it is bound to be thorough and capable of pro- a 
hd ducing as satisfactory results as the “manual” method 
] i ase With the burden of the prosaic computations off his ‘mind, the designer can | 
now explore theories and concepts that were previously considered far out of 
_ the accepted line. Many of these ideas did not progress beyond the hypothetical 7 
7 + stage because of lack of time and funds required to investigate their practica- 
bility. Others have awaited the improvement of quality of building materials 
_ and methods as well as design techniques to prove their usefullness. 
‘SS Some of these trends and concepts are examined herein, with the hope | that 


they would _be investigated with the aid of the electronic computer programs» @ 


: = The most commonly accepted approach t to arch dam design is to start with 


analysis. ‘This engenders in the designer the gratifying feeling that he 
has saved so much concrete, and that the economy achieved justifies the cost Pp 
_ and refinement of-the stress study. If, on the other hand, the start is made on 
a minimum structure, which according to experience ‘would have higher than 
permissible stresses, and then it is thickened where indicated by analyses, the - 
designer would still be motivated by the urge to economize. However, the re- 
sultant structure will be thinner than the one designed by the step- by-step | 
a 7 
Sa procedure. With the aid of the electronic computer programs, £ 
should be possible to establish the initial minimum designs for different heights 
Curvature in the vertical plane of an arch dam, and consequent overhang at : 
A 
the upstream and downstream faces, is another feature that should be studied a 
for its influence onthe stability of the dam. While many dams with pronounced 
- double curvature or * cupola shapes have been built abroad, most archdamsin | 
: = United States are without this shape characteristic. The effects of curva - 
h = ture in the vertical plane on load distribution, deflections, , and stresses in the 
be evaluated by a series of analyses. No particular complications 
‘A encountered in using the trial-load method for double curvature dams. 
Bari the fastest and the less expensive method that could give a quanti- 
15 


& August 1960, by L. R. Scrivner (Proc. Paper 
Superv. Engr., Internatl. Engrg. Francisco, Calif. 
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tative idea of the influence of this variable should be welcome. The results of © 
such an investigation could also be correlated to a study of increase in form- — 
work costs due to two-dimensional curvature and overhang. 

_ Vertical normal st stresses or principal stresses almost normal to the foun- 
dation, acting at the upstream. face of an arch dam near its base tend to be ten- 
_ Sile. In some designs, it is possible to reduce or eliminate such tension by 


thinning the cantilever section in sucha manner that more of the external load 


is transferred to the arches. However, if the stresses in the arches are al- : 


ready the permissible it would be necessary to thicken the: 


compressive forces in the dam at the upstream face by means of post-tension- 
ing cables anchored to the foundation. Where the foundation bedrock is suita-_ 
_ ble, this method has been successfully applied to gravity dams and retaining 

walls. The degree of post-tensioning that would be required | could be made a ' 

Lied part of the normal trial-load analysis with the aid of the digital ‘computers. a 
— is _ Another contribution from an extensive electronic computer program, such 
- & the one described by Scrivner would be to develop design data tables and 7 
(eee which would be useful to arch dam designers who may not have access : 


to electronic computers. The follo following are some 1e of the basic data the writer 


1. Deflections of variable-thickness arches at quarter points due to 1 anit 
| uniform and triangular radial, tangential, and twisting moment loads. tare 
Moments, thrusts and shears in variable-thickness arches at quarter 
points due to unit uniform and triangular, radial, tangential, and twisting i 


‘Similar curves, but of much limited applicability, have been else- 


p= 10 If such data are published, it would offer an inducement to more de- 
signers to delve into the trail-load method, and would further stimulate inter-— 
est in design of arch dams. It is realized that the task of obtaining such data, 
_ considering all the variables involved, would be monumental. The writer, how- 7 
ever, has no doubt that with the electronic digital computer programs at their 
_ disposal, the author i and I his colleagues will be able to accomplish it inthe near 7 


R. P. WENGLER, 114. M. ASCE.—Sc Schrivner’ tig significance | 

in the field of arch-dam design because as more and more portions of the ana- 

: lysis become programmed for the computer, one severe criticism of trial- load an 
can be ‘eliminated. This criticism is that the analysis made desk com- 


* The paper is interesting in accomplished programming and also in future 
ga , In the programs already written, the writer notes that the shape of 
the unit arch loads were taken exactly as in the traditional trial load method. a 


triangular arch loads: can ‘begin only at quarter points. This enabled the 


— 10 “Arch Dams with Arches of Variable Thickness,” by A. L. Parme, Structural _ 
, Portland CementAssn, 


Engr., Harza Engrg. Co., » Chicago, 
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mm €=Sss«deXperrernce generally agrees with the author in that in certain repetitive parts e 
of the problem, the computer shows cost advantages as high as 15 to It is 
certain that the reduction in cost of trial load analyses will bring about a re- 
— — 


DISCUSSION 
to set up a c a card library of ) values : from USBR tables tobe 
_ used as input to his program #800. . The | obvious advantage to this scheme is 
r that “considerable saving of machine time can be made by this use of existing — 
data. It appears to the writer, however, that by using this technique, the author 
is forced to make an assumption of uniform arch thickness 3 between quarter | : 
points. if this is true, does the author have any experience on the effect of this’ a 
vy assumption on the accuracy of the computations? It is noted in Fig. 4 that the . 
»! x author apparently intendsto write a new program wherethe assumption of uni- 
_ form thickness can be made over smaller central angles and will no longer be 
to the quarter points. _Does the accuracy of the 


sized i by the author, require the computation of f(X) the ‘computer, It 
been the writer’s experience that the f(X) computation 1 requires a significant 
portion of the overall program. With a program written by the writer, the time 
; required to solve for = unit radial nonsymmetrical radial loads is ‘approxi- ; 
4 mately 1 hr per arch as } compared to 1/2 hr by the author. While the writer | 
useda slightly slower computer and although there are other variables involved, 
3 the writer feels that a considerable part of the difference can be explained by 
£(X) computation. The equation in the writer’s mind then arises; is te i 
| ie _ It is noted that the author intends to compute f(X) from the power series of _ 
a i in radians. This idea certainly appears: to have an advantage as the writer © 
experienced considerable difficulty in programming the integrals for the load — 
pes shown in Fig. 4. The difficulty arose in trying totake advantage of loops | 
“4 order to shorten the program sufficiently tobe handled in the storage space a 


available. It appears to the writer that possibly the author intends to avoid the 


a 


difficulty by using the power series. In any case, it would be interesting to 
know exactly what the author’s experience has been on the ees aad i. 
gramming the power series versus the intergrals. 


—- the author has not as yet made up his ‘mind on how to solve tor 
e deflection adjustments. He mentions two methods such as an ‘iteration pro-- 


_ decide on a trial load distribution and the computer would check it. it could 
also n mean that the computer would solve the simultaneous equations by an iter- a 
— ation procedure. In any case, , the writer’ s preference has been to set up de- g 
~ flections equations and invert the square matrix on the left hand side which is oe 
_ dependent only on the geometry of the dam and its foundation constants. This ¥ 
_ inverted matrix is then multiplied by the right hand column matrix, which con- | 
‘tains the load variables, giving the final solution. A large punenetnge of the 
“time required for solution is taken up by inverting the left hand side. How-— 
= for any given geometry, this inversion need only be conducted once. The 
multiplication by the right hand for any ‘number of different loading cases 


"what he means by iteration, but pve rag it could be that the ‘designer would © = 
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Discussion by ( by G.s S. andJ.A. A. Veltrop 


~ 


G.S. SAR 

_ of analyses that comprise the pe Pemctigen process for design of an arch dam, 7 

~ Copen has correctly presented the trial-load method as a logical and system- 2 

atic procedure. Allanalytical methods of determining stresses in an arch dam, — 
oa - particularly the trial-load method, are often subjected to criticism because of 

the length of time required to accomplish the results. Sometimes the need for 

accuracy of detail, as required for a 1 complete trial- load analysis, is ques- _ 
. tioned. Validity of the overall theory of the trial-load method is generally not 

disputed. Copen has indirectly answered many of these objections. . Further 4 
7 4 examination of some of the assumptions and procedures should, , in the writer’ 7 


- opinion, be helpful in explaining the mechanics, scope, as well as limitations, — 
Abutment and Foundation Deformation. —The arch and cantilever elements : 
are assumed to abut against or rest on elastic abutments or foundation. | Foun-_ 
dation deformations are estimated due to loads and moments acting normal , 


and in plane of a finite foundation area. These are based on an average sus- 


‘Where rock characteristics show great variation in elastic properties, differ- + 
ent values for the modulus for different portions of the foundation can be used ~ 
— The assumption of elastic fixity at the abutments and foundation, which con- 
siders elastic deformation and rotation of the foundation and the dam, should 
_ not be confused with the assumption of hinged or semifixed abutments. — ‘The 
_ latter presumes body rotation of the dam relative to the foundation, which can 
: q occur only if the bond between concrete and the foundation is substantially 


broken or when a or hinged joint is Copen’ 


7 : tained modulus of elasticity of the foundation rock in compression or tension. 


perties of the on deflections and in arch dams would be a 
Confirmation of Trial-Load Results. —Although considerable data 
are now available for checking the results of analytical computations against 
observations made on models and prototype structures, complete confirmation © 
between the t two cannot be claimed. Radial, tangential, one deflections 


those observed c on dams. "However, this i is met true of stresses, 
which when computed from strains observedin models and full-size structures 5 
| vary greatly from analytical results in as distribution. 


aa August 1960, by Merlin C. Copen (Proc. Paper 2569). ~ap-aw-stteky 
8 Superv. Engr., Internat. Engrg. Inc., San lif 
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ations for the same, it should be realized that the analytically obtained stresses sce 
_ may or may not be in reasonable agreement with the true stress conditions in 
the dam. theoretically determined maximum stresses represent the gen- 
eral upper limit to which the dam will be actually stressed. With this recog- See 
_ nition of limitation of analytical results, these stresses can be used as general a " 
indicators that comprise the criteria of acceptance of adesign. 
Comparison between computed and observed stresses in some of the thinner — 
and recently built USBR arch dams would be of greater interest than results _ 
= pioneering © studies on the ultra- thick Hoover arch dam tow which the | author 9 7 
Applications of Types of Trial- Load Analyses.—In the writer’s opinion, it: 
would be proper to try to establish some limits within which one or the other > 
_ type of analysis would be adequate to obtain an acceptable design. These limits 
are suggested as a guide only, and Requirements | of each structure should be 
determined on the basis of its individual 
-Crown- cantilever analysis. —Maximum height a dam up to 150 ft; narrow 
sites; ‘uniformly massive rock foundation, modulus of elasticity 
exceeding 1,500,000pe, 


<a Radial deflection analysis. - —Maximum height of dam 250 ft; narrow symmet- 


rical sites; massive rock foundation, modulus of elasticity exceeding 2,000,000 


Complete. trial- -load —Maximum height of dam exceeding 250 ft; 
‘non- -uniform, stratified rock foundation requiring substantial treatment, or 
modulus of elasticity less" than 1,500,000 psi; "comparatively wide unsymmet-__ 
- vical sites; stage construction effects to be considered. The overall impor- 
_ tance of the structure, designer’; s experience, and other design factors such as 
_ temperature changes and joint grouting schedule should also be considered be- 
the type and extent of analysis are decided. q 
Criteria.— 
in with the design examples presented by the author need | some 


— 


= 


e oliabere of concrete at which the contraction joints are to be grouted, the —~ 7 

fects of a temperature rise are included in the analysis. Temperature rise 
- counters the tensile arch stresses at abutment extrados and crown intrados, 4 

. and thus improves the stress condition in the structure. In small arch dams — 
in isolated locations, however, artificial cooling, especially ‘sub- cooling with 

i the aid of an embedded pipe system, “may be neither economical nor practica- 

ble. Ina situation like this the joints will be grouted when the concrete oa 

_ tothe mean annual atmospheric temperature, and therefore a temperature drop 
would have to be considered in design. The tensile stresses at arch abutment 
extrados and crown intrados due to temperature drop may exceed those due to 
_ the normal reservoir water pressures. _ Deflections of the unit arches due ie 
_ temperature drop can be so high in as slender r dam, that virtually all the water 
pressure will be taken by the cantilever | elements. The resultant high vertical 
tensile stresses at ‘upstream face near the base would crack the cantilever 


"eventuality is often avoided in larger arch dams: where rigid temperature con-— 
Te trol can be justified, as assumed in USBRdesigns. 
. a7 It is not clear from the text as well as 8 notes on the figures. included in the | 
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DISCUSSION 


analyses of arch dams. While the effect of uplift ¢ on deflection. may not be sig- 
_ nificant, its influence on vertical normal (cantilever) stresses where low com- 
pression or tension is indicated at the a face, can be substantial. ll 


of permissible tensile stresses are unclear. Copen has ‘stated that this would 
—— depend on the location of the stress. For obvious reasons, a higher tensile 
_ stress can be permitted at the downstream face than at the upstream face of 
‘The significance of tensile stresses at the upstream face, especially if they 
"are vertical normal stresses or principal stresses almost normal to the foun- 
_ dation surface, deserves careful evaluation. Questions arise if concrete should © 
be assumed to crack when tension exceeds a certain value; or if hydraulic up- 
‘should be treated as an external force before or after the concrete cracks? 
Complete analysis of Dam A, Fig. 3, shows a maximum tensile principal stress” 
of 222 psi. If this does not include the effect of uplift, ‘would not the total ten- 
sion be much higher? Supposing the USBR criteria assumes that ‘concrete 
_ would crack if tension exceeds 250 psi, would this indicate the likelihood that 
there will be carcking in Dam A, and consequently the stresses in the dam 


a Substantial tensile stresses are indicated by complete trial load analyses" 4 


in several USBR dams.9 The maximum tensile arch stresses at abu abutment ex-_ 

trados in some of the are: 

Tensile | Stress, in 


It should be interesting to observe the range of actual stresses : at at the upstream s 


faces: of these structures, by installing strain measuring gages onthe concrete 
7. surface where possible. _ The purpose being to check the validity of theoretical 
_ results, without getting involved in measurement of internal strains and stress- 
es. At many locations in these dams, the computed tension was so high that 
in the analyses, it was assumed that t the concrete would crack. Extensometers 


Be at the surface, when the reservoir r water is low, should be e able to in- 


that the USBR may have made would be a . further ‘contribution to this subject. ] | 
Shear & Twist Effects.—The difference between a radial deflec-_ 
_ tion analysis and a complete analysis, can be traced mainly to the effects of - 
tangential shears and twisting moments on the deflections and stresses in the 
_ dam. These effects vary in significance according to the shape of damsite, _ 
wa height of the dam, and its slenderness or massiveness. In general, a, incall 
of effects of tangential ‘Shears and moments results 
. Decreased deflection of the dam in n the central portion. 
Increased compression in vertical normal stresses at upstream face at 
= elevations and incentral portion. But t decreased compressive cantilever 


_ Erentige | on Dams; — 10, Arch Dams,” U. S. Bur. of 
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Migiis: of the dam, except near the abutments where there may be an ir in- 7 
: le Horizontal arch stresses at abutment extrados would reduce in compres- od 
a4 sion in upper portion of the dam but increase in the lower portion. _ At the crown 
ra extrados there would generally be : some reduction in arch compression through- 
_ §. Horizontal arch stresses at the intrados would show a general decr decrease 
at the but an increase in at the crown. 
other words, there is general i improvement at ‘most of the critical stress 


areas,as the author hasemphasized. = 
ts ina 


The magnitude of the tangential shear and twisting moment dtecte inad 
located in a narrow canyon, such as Dam B, is relatively small. The author ~ 
: a confirms this by saying that the radial or complete analyses are likely to in- Ad 
dicate little, if any, changes in the design. based on a crown-cantilever ‘analy- 
" sis. In such a situation, especially when benefit of several analyses on other 
: _ Similar dams are available, a complete analysis does not seem justified. After 
4 all, the stresses so obtained may still differ from actual condition i in the dam — 
as much as they differ from the results of a less detailed analysis. It is with: 
this thought in mind that the writer has suggested the applicability or adequacy - 
limits for different types of analyses previously mentioned. 
= t effects also vary with the slen-— 
_ derness and curvature of the dam. Pronounced curvature in a vertical plane 
also has an influence on these factors. The author would perhaps like to draw g 
on the vast amount of USBR | analysis data and contribute further to this topic. | 
_ In his conclusions, the author has mentioned that the trial-load method of 
analysis is applicable to any type of arch dam. It may be added that with pro- 
_) _ per modifications, this method has been used for analysis of straight gravity pe 


_ dams where transverse contraction. joints are interlocked and/or grouted, and ia 


_ J. A. VELTROP,10 M. ASCE. a —In listing current methods of design in the 
the author mentions the thin cylinder theory. While the other 
four methods could be classified as final design methods, "the thin cylinder a 
theory hardly fits this category, except perhaps for certain special cases, ‘be-— 
cause it does not even include such an elementary phenomenon as rib short- 
ening. The method of independent arches could have been listed with eal 
_ justification, although any method of final design should be at least equivalent 
to the crown cantilever method. latter deserves separate listing, too, as 
is essentially not a trial load method. 
a the author elaborate on his statement in the “Introduction:” » the ef- 
a; fective Sgpiieation of simplified analyses have made this method even more 
; effective.” ‘i Does simplified analyses refer to the crown cantilever method and 
; ff radial adjustment method, as illustrated in the paper? The quote seems to 
. ; imply recent advances. Do these simplified methods now give a better picture a 
of the final stresses obtained by the trial load method than was | previously aa - 
‘The author refers to the number of arches and cantilevers used in the — 7 
— method. ‘The necessary number of arches and cantilevers depends pri- 


10 Head, Arch Dam Sec., Harza Engrg. Co. Chicago, 
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‘oa marily ¢ on the accuracy wanted and o on the height to width ratio of the canyon. 
Cantilevers andarches should be placed in such a way asto form nearly square 
patterns, perhaps, along the vertical cylindrical plane through the axis of the 
Much: has. already been written about the theoretical basis of the trial load 
_ method, the uniqueness of its solution, the accuracy of the method, and the 2 
arene of its results with model tests. The statements | under the heading, 7. 
. “Basic Principles,” about the three adjustments necessary and sufficient to ; 
obtain a solution, are not clear. It would seem that three linear and three an- es 
gular displacements of arches and cantilevers would require six independent 
adjustments of which two are automatically satisfied by twist adjustment about 
; _ vertical axis, as presented in a publication!! cited by the author. It may well _ 
7 a be that only the three adjustments, referred to by the author as radial, tangen- 
tial, and twist, are necessary to obtain a satisfactory solution for the type and 
~ of arch dams designed by the USBR as compared to model test results. © 
_ This does net imply, however, that the same procedure would be correct for a 
other shapes, such as thin double curvature arch dams. The author’s state- 
ment about automatic. agreement. of vertical displacements by the use of tan-_ 
gential adjustment seems to contradict the requirement of separate vertical 
adjustment mentioned in another publication. 12 The importance of a separate 


Rocha, F. ASCE and J. L. Serafim,13 F. ASCE. Beaujoint has developed!4 a 
- computer program which includes five independent deflection and rotation ad- 
justments plus a sixth ore for Poisson’s ration. | 
Are the temperature effects referred to under | the heading “ “Basic Princi-| 
_ ples” included both inthe free deformations of single arches and free standing — 
cantilevers prior to adjustment? From the paper, it appears that temperature 7 : 


bending ‘deflections of cantilevers are e significant for relatively thin 


au beams, no reference is made to the effects of thrust on rotation and of _ 
bending on rib snes. lle statement15 —— arch center line is used in- 


— 


2: 11 “Trial Load Method of Analyzing Arch Dams,” Bur. of Reclam., ,U. 8. ener the 
_ Interior, Boulder Canyon Pro Proj. Final Reports, Part 5, Bulletin 1, Denver, Colo., p. 175. _ 
ot 13 Discussion by Merlin D. Copen, et al., of “Model Tests, Analytical Computation 
and Observation of an Arch Dam,” by M. Rocha, J. L. Serafim, et al., Proceedings, 
_ 14 *Le Calcul Global des Barrages- Voutes,” ” by N. Beaujoint, Annales des Ponts et 
eS 15 Trial Load Method of Analyzing Arch Dams,” Boulder Canyon Proj. Final Re- 
ports, Bur. of Reclam., U. S. Dept. of the Interior, Part 5, Bulletin 1, Denver, Colo., » Pe 
| Study of a Segmental Arch Ring,” by O. Zienkiewicz, “Proceed- 
Discussion by J. A. Veltrop of “Comparative Study of a Segmental Arch Ring,” "by 
0. Cc. Proceedings, ‘Vol. 86, No. EM 4, August, 1960. 
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vertical deflection adjustment for such arch dams has been emphasized by M. 

g 


The uniformly distributed radial load (USBR type: 1 unit tend 
No. 1) on the arches in the crown cantilever analysis, as described in the pa- _ 
per, is indeed generally 1 used. It would be equally possible to assume another, @ 
also ¢ compute the Sy by the crown can- 
would be to whether the USBR has investigated the de- 
- sirability of introducing such a different radial distribution, for example by 
studying radial load distributions determined from the radial adjustment and = _ 
_ the e complete adjustment analyses. _ How is dead load of the dam handled in the a 
crown cantilever analyses presented in the paper? 
‘The usefulness of the crown cantilever analysis for the preliminary design — 
_ of arch dams depends greatly on the judgment of the designer. Such judgment — 
can be increased only through experience obtained from performing : many arch | 
dam analyses on a variety of types of arch dams and shapes of valleys, and by 
ee these results with measurements on the prototype. It would be in- * 
7 teresting, in this respect, to have more detailed comments from the author on 
_ the allowable stresses for the three arch dams, A, B, and C. What are allow- : 
. i compressive and, especially, tensile stresses, the latter in arch action as : 
_ wellas at the base of the crown cantilever, at this preliminary stage of design? 
‘This ; would be of value, also, | in view of the author’s general statements con- 
‘cerning permissible tensile stresses, under the heading “Application of Trial-— me 
_ Load Methods to Design Problems,” and the varying values of computed stress-_ a 
_ es in Tables’ 1, 4, and 5. How does the author reconcile the need for differ-_ 
ences among these criteria at this preliminary stage in view of the different 
shapes of valleys; wide V, narrow V, and U-shaped. In view of reference to 
crown cantilever analysis, does the author consider this analysis a — 


for obtaining stress estimates s and preparing preliminary concrete volume es- 
‘The writer is somewhat surprised by the little time difference between a 
_ crown cantilever analysis and a complete radial analysis. It seems tohim that 
| ‘many more basic arch and cantilever data are required and that a trial and i 
error adjustment would be much moretime consuming. The writer’s company © 
_ has programmed the crown cantilever analysis for water load only. The single 
pvr on the Bendix G-15D takes 30 min to 40 min, depending on the num~— 
of arches chosen for the analysis. The radial broken 
into several steps, takes much longer. eins 
_ Would the author explain what he means by “as the analysis is ‘completely 
programmed?” Is it his intension to perform all trial load manipulations ona 
a computer in several steps, with human handling in between, or will the entire 
trial load analysis be performed in one single operation? “Xe he ual 
Does the maximum compressive stress limit of 1,000 psi refer to the final _ 
7 SS stress? Is the relationship to concrete ‘strength as defined elsewhere. 18 
sit would d seem that inclusion of earthquake, for example, equal to 0.1 g, in 
‘the loading c criteria is overly ‘conservative in view + of the demonstrated inher- | 7 
ent strength of arch dams against overloading. Statically as well as = 
it would appear logical and acceptable to the writer to rely on this extra 


in order to” obtain a 


*.. ox Criteria for Concrete Gravity and Arch — USBR, Monograph No. > 
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DISCUSSION 
At what stages ges of the design ” a a project, the various arch dam analyses, 
erown cantilever, radial adjustment, and complete adjustment, are conducted, 
it is assumed that the stresses presented in Table lare for the loading con- 
_ dition which includes water load, temperature effects, and earthquake. It would ? 
aka be interesting to have the stresses for the case of water load only, and for wa- a 
“: load and temperature effects, so that effects of. temperature change and ~ 
earthquake can be studied separately, 
_ While it is true that stresses for the radial iid analysis in Table 2 | 
differ from those for the crown cantilever analysis in Table 1, it also appears = 
interesting tothe writer that the maximum compressive stresses inthe arches 
at abutment and crown, as well as at cantilever base, are about the same and ~ a 
do not show the decrease the writer would have expected from the refinement | &§ 


of the analysis. - ~The ‘principal stresses in Fig. 3 do, however, : show a consid- . 
erable decrease. Is the lack of decrease of ‘maximum compressive stresses — 


of cantilever elements has been quoted by many roland has been well 
by model tests. This is one of the reasons that arch dam designers 
have gradually adopted the principle of downstream o overhang, which precom- me 
presses the previous referenced areas. 4 
While agreeing with the author’s sentiments on the doubtful accuracy y of 
_ model results, the writer would like to express similar reservations with re- 
-- spect to analytical solutions, for example, earthquake analysis with a statically ; 
— equivalent force of a certain percentage of g can hardly be more realistic than | 
-Oberti’s shaking table. In fact, the writer is inclined to prefer model tests in ie 
sucha . case, over analysis, although he really doubts the need for either in the 


While the writer agrees with the classification of the trial load method as 
‘ a superb analytical tool, his ‘satisfaction with the method is tempered by real-— 
; izing the limitations of the | necessary assumptions. It would seem that more. 
measurements on prototype behavior are essential for the further improve- 
> of the economy in the design of arch dams. Creep, non-linear effects, 
construction control methods, and effects on stresses, all contribute to make 
_ the arch designer realize that his job has hardly begun with the analysis of 
simple loads under idealized conditions, be that ona mathematical model or 
The: improvement of our analytical tools with the advent of electronic com-— 
puters is impressive and useful. More refined and complicated assumptions 


can be handled and, perhaps, , the computer is he for tm the useful 
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ELECTRONIC COMPUTER USE IN SCOPING POWER PROJECTS 


scussion by George Bugliarello 
_ GEORGE BUGLIARELLO,4 fA. M. ASCE.—The authors have in 


have indicated that 


_ approximately one hundred programs were used in the design of each project 7 
on the Columbia River. This information is significant because of the far- - 
reaching implications that it may have on the future development of computer 


_ As the number of programs that are becoming available in this area grows, 
_ it will be increasingly possible to design new ‘projects _ by making almost ex- 4 
_ clusive use of existing programs. The efficiency in this procedure will depend, 
of course, on the generality and flexibility built into each program, as well as 
= onthe form in which the program is made available, and on the ease with which © 
it can be circulated among users. Further effectiveness can be attained if the 
_ programs can be used in series, the output of one becoming the input of the — 
next (for example, the data from an hydrograph program becoming the input — 
_ Finally, the computing process would be further improved if the programs, 
than being available in alibrary, could be stored inthe the mem- 
3 ory of the machine and recalled through simple instru. .-. 
_ From an exploratory analysis, the writer believes that less than three hun- 
programs would be sufficient for completely automatizing 
f operations encountered in hydraulic engineering design, including hydrology. 
sit the same approximate proportion, resulting from the data presented by the . 
x authors, between programs inthe area of hydraulic engineering and inthe « other 
_ areas is maintained, a total of perhaps a thousand programs should lead a 
_ automation of most tasks in the whole area of water resources development — 


E design. To be sure, , this is a rough estimate, but it may indicate what the com- 


puter could achieve inthe future inthisarea, 

_ The development of collections of stored programs, of which the existing 

_ program libraries are but the embryonic forerunners, will bring about asharp- — 
: er differentiation of the degrees of skill that will be ‘required of an oe 
_ staff for communicating with the computer. Basically, three different levels of 


as to maximize the economy and efficiency in the use of the computer. when 

» the programs so designed become of widespread and frequent use, they | should — 
‘A less exacting degree of skill, sufficient for communicating 
with the computer, even if not inthe most effective way, in the simpler univer- 


a January 1961, by P. R. Grimes and G. H. Von Gunten (Proc. Paper 2709). bal 
4 Asst. Prof. of Civ. Engrg., Carnegie Inst. of Technology, Pittsburgh 13, Pa. 
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02 
sal <a — este possible the speedy construction of programs 
Tike a contingent value and limited use for which efficiency is an optional alll 
that is,a matter of balancing effort and speed in programming versus economy > 
! in running. It is important herein to make a distinction between physical and 
= economic limitations (that vary from machine to machine) in solving a prob-— hs 
3 lem. Many programs tax a computer to the limit of its capability, thus = 


* sible in the universal languages, ‘may be excessively expensive to run run in these 
languages. In general, however, programming at this second level of ch 
z should be adequate for a large number of operations. Programs that may be-— 
in general demand should, of course, be revised, , carefully optimized, 
4 (3) Finally, an even lower degree of skill is needed for ‘making use of li- — 


= 


engineer will need a ‘good understanding of the con computer’ s 


en enable him to recall through simple instructions any program that has an 
part of the permanently stored collection, and also, in a degree commensurate _ 
with his proficiency at level two, to construct mo most additional programs re- 
- = _ Training at the first level will have to be achieved only by a few specialists = 
on the staff, who should become thoroughly conversant with the programming | 7 
the computer. The ‘Specialists should either be hydraulic 
neers witha strong background in mathematics or vice versa, because the gen- 
eration of highly efficient computer programs in the area of water resources 
~~ engineering (or in any other area) can be achieved only if skill in the use of _ 


‘the computer is ees “= an extensive knowledge of the problems to — bo 


at the third level and, in varying degrees, at the second is important. ‘This will 


hers 
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STRESS ANALYSIS / AND SPECIAL PROBLEMS OF OF -PRESTRESSED DAMS@ 


‘began by talking about tests made for ‘the Allt-Na-Lairige Dam in Scotland and > 
the real significance of these tests as compared to the stresses on the actual — 
dam foundations. The tests were described by J. A. Banks in two papers, ‘one 
in the Proceedings of the Institute of Civil Engineering, London (10), the other 
a - the Fifth Congress on Large Dams (11). A “Freyssinet” hydraulic jack was 
rete inthe rock at 18 ft depth underneath the surface, andan isolated force ~ 
=p = 1,000 tons, which subsequently was raised to = 4,000 tons, was ap- 
plied. At P= tons, the Fr jack burst before the rock gave way. 


the tests showed that rock was plastically defor deformed during these tests and 


_ CHARLES JAEGER.4—A_ recent discussion by the writer with Zienkiewicz ez 


_ The writer has tried to analyze these strain-stress curves using Bous- 


sinesq’ s equations. Values of ox, oy, and were obtained. For P = 4,000 


they | are rather high, and local rupture of the rock near the anchorage was pos- 
sibly caused by them. On the actual dam site, anchorage. is at 26 ft depthand 
_ the anchorage force P = 1,176 tons only, cables being anchored at 21 ft spac- 


When the correct numerical values for P, h, and d are introduced in 
b Zienkiewicz’s and Gerstner’s diagrams and equations, the resulting foundation _ 
_ stresses for a dam anchored in rock are low compared with those estimated © 


for the test conditions. - During test conditions, tensile stresses in the horizon- _ 
tal direction and shear stresses were particularly dangerous anda multiple of 
what Zienkiewicz and Gerstner estimated for their case. 
‘By comparing Zienkiewicz’s and Gerstner’s approach tothe estimates oval 
z the writer, the two parts of the. complete problem | can be ‘compared and the 
real meaning of the tests by Banks can be correctly appreciated. = = ~~ 
When showing that the anchorage computed for P = 1,176 tons at a depth of 
a 21 ft was still holding for P = 4,000 tons at a depthof only 18 ft, Banks had de- 
; “finitely proved his design to be onthe safe side (considering that the tests were _ 
for an isolated force P). Zienkiewicz’ s and Gerstner’ S approach shows the 7 
safety factor to be even higher than expected by Banks, so that an | anchorage bs 
to that described by Banks is to a high degree independent of local 
anisotropy of the rock and local rock fissures. 


Obviously the stresses will increase noticeably with higherdams. For high-- 


% 


> 


er dams, the anchorage force P (force per unit of dam crest length) will have 
to be increased, and Zienkiewicz and Gerstner show P/b to be proportional to 


January 1961, by O. , €. Zienkiewicz and R. W. (Pres. — 2714). 
4 The English E Electric Cc Co., Ltd., Rugby, England. 
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dation problem should be considered within the wider framework of “rock me- 
chanics” and “general foundation problems” which are now to be re-examined 

_ systematically after some recent dam failures. Another Paper submitted by 

_ Zienkiewicz,  Veltrop, and Shieh to the Rome Congress isa further effort ina 

- ‘The ne methods the authors | adopt for solving their particular problem should 

_ be kept in mind when dealing with other problems concerning dam foundations. 
used by the authors i is and valid for other cases 


tional Commission on n Large Dams will possibly be the infor-_ 
_ mation like that contained in the paper will be centralised for comparison with nN 
other publications as to be. made known to — audiences. 


ba 


« July, 1961 
a fact which should be remembered. Bi 
mates made by the authors and the writer, 
_ for cases which differ from that presented. 
The effort of Zienkiewicz and Gerstner towards solving this particular foun- 
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OCTOBER: 2615(EM5), 2616(EMS5), 2617(sT10), 2618(SMS), 2619(EMS5), 2620( EMS), 
2622(EM5), 2623(SM5), ‘2624(EM5), 2625(SM5), 2626(SM5), -2627(EM5), 2628(EMS5), 2629(ST10), 
2630(ST10), 2631(PO5)*, 2632(EM5)¢, 2633(ST10), 2634(ST10), 2635(ST10)¢, 2636(SM5)©. 
NOVEMBER: 2637(ST11), 2638(ST11), 2639(CO3), 2640(ST11), 2641(SA6), 2642(WW4), 2643(ST11), 
2645(ST11), 2646(HY9), 2647(WW4), 2648(WW4), 2649(WW4), 2650(ST11), 2651(CO3), 2652(HY9), 2653(HY9), 
2054(ST11), 2655(HY9),'2656(HY9), 2657(SA6), 2658(WW4), 2 2660(SA6), 2661(C08), 2662(CO3), 
2663(SA6), 2664(CO3)°, 2665(HY9)°, 2666(SA6)°, 2667/ST11)°. 
as DECEMBER: 2668(ST12), 2669(IR4), 2670(SM6), 2671(IR4), 2672(IR4), 2674(ST12), 675 
(EM6), 2676 (IR4), 2677(HW4), 2678(ST12), 2679(EM6), 2680(ST12), 2681(SM6), 2682(IR4), 2683(SM6). 
cA ely 2684(SM6), 2685(IR4), 2686(EM6), 2687(EM6), 2688(EM6), 2689(EM6), 2690(EM6), 2691(EM6)°, 2692 


(erie) 26093(ST12), 2694 (HW4)°, 2695(IR4)¢, 2696 (SMB)°, 
JANUARY: 2698(PP1), 2700(HY1), 2701(SA1), 2702(SU1), 2703(ST1),  2704(ST1), 2705(SUt), 
oye (HY1), 2707(HY1), 2708(HY1), 2709(PO1), 2710(HY1), 2711(HY1), 2712(ST1), 2713S(HY1), 2714(PO1), 2715 
(ST1), 2716(HY1), 2719(SA1), 2718(SA1), 2719(SU1)°, 2720(SA1)°, 2721(ST1), 2722(PP1)°, '2733(P01)°, 2724 
FEBRUARY: 2726 (WW1), 2727(EM1), 2728(EM1), 2729(WW1), 2730(WW1), 2731 (EM1), 2732(8M1), 2733 (WWI), 
2734(SM1), 2735(EM1), 2736(EM1), 2737 (PL1), 2738(PL1), 2739(PL1), 2740(PL.1), 2741 (EM1), 2742(ST2), 
(EM1), 2744(WW1), 2745(WW1), 2746(SM1), 2747(WW1), 2748(EM1) 2740(WW1), 
MARCH: 2756(HY2), 2757(IR1), 2758(AT1), 2759(CO1), 2760(HY2), 2761(IR1), 2764 
(ST3), 2765(HY2), 2766(HW1), 2767(SA2), 2768(CO1), 2769(IR1), 2770(HY2), 2771(SA2), 2772(HY2), 2773 
“4 (CO1), 2774(AT1), 2775(IR1), 2776(HY2), 2777(HY2), 2778(SA2), 2779(ST3), 2780(HY2), 2781(HY2)°, 2782.0 
(Hw1)°, 2783(SA2)°, 2784(CO1), 2785(CO1)°, 2786(IR1)°, 2787(ST3)¢, 2788(AT1)°. 2789(HW#). inf 
APRIL; 2790(EM2), 2791(SM2), 2792(SM2), 2793(SM2), 2794(SM2), 2795(SM2), 2796(SM2), 2798 
(BM2), 2799(EMi2), 2800(EM2), 2801(EM2), 2802(ST4), 2803(EM2)¢, 2804(SM2)°, 280KST4). 
MAY: 2806(SA3), 2807(WW2), 2808(HY3), 2809(WW2), 2810(HY3), 2811(WW2), 2812(HYS), 2813( wwe), iy 
2815(Ww2), 2816(HY3), 2817(HY3), 2818(SA3), 2819(WW2), 2820(SA3), 2821(ww2), 2822 
JUNE: 2828(SM3), 2829(EM3), 2830(EM3),. 2831(IR2), 2832(SM3), 2833(HW2), 2834(IR2), 2835(EM3), 2836 
2837(IR2), 2838(SM3), 2839(SM3)°¢, 2840(IR2)°, 2841(HW2)°, 2842(EM3)¢, 2843(STS), 2844(ST5), 
2855 
2856(PO2), 2857(PO2), 2858(SA4), 2859(SU2), 2860(SA4), 2861(PO2), 2862(SA4), 2863(HY4), 2864 
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